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ABSTRACT 
Studies using a rat model of prenatal protein malnutrition (PPM) followed 
by nutritional rehabilitation show that PPM produces changes in the brain and 
behavior that endure throughout adulthood. Early studies investigated the 
vulnerability of the hippocampus, a structure involved in learning and memory, 
and reported permanent anatomical, physiological, and functional alterations. 
However, PPM also produces deficits in attentional processes, suggesting 
vulnerability across a broader cortical network including the parahippocampal 
region (PHR) and the prefrontal cortex (PFC). This thesis investigates the 
anatomical, functional, and molecular alterations in these regions resulting from 
PPM. This was accomplished through 4 studies: 1) A quantitative assessment of 
the number of neurons in the PHR and in the PFC using design-based 
stereology; 2) An evaluation of the impact of the PPM on metabolic activity in the 
PFC using the metabolic marker 2-[14C]deoxyglucose (2DG); 3) The identification 
of specific neuronal subtypes differentially activated during restraint stress in the 
PPM network using double-labelling immunohistochemistry; 4) The quantification 
	  	   viii 
of mRNA and protein expression of KCNJ3 (GIRK1), a potassium channel 
involved in regulating neural excitability, using quantitative polymerase chain 
reaction and Western blot analysis. 
 Results showed that: 1) Neuron number in the PFC is unchanged by PPM, 
but two subfields of the PHR, the presubiculum and medial entorhinal cortex, 
exhibit significantly lower numbers in PPM rats; 2) Metabolic activity in specific 
PFC regions associated with attention including the prelimbic, infralimbic, anterior 
cingulate, and orbitofrontal cortices was reduced relative to controls while other 
regions, such as the hippocampus, were unaffected; 3) Exposure to stress 
evokes a significant increase in the number of inhibitory interneurons that are 
activated in the PFC of PPM rats which could likely contribute to the observed 
overall reduction in PFC activity; 4) For the KCNJ3 channel, PPM induces lower 
levels of mRNA and protein expression in the PFC while levels in the 
hippocampus and brain stem/basal ganglia are unchanged. 
Together, these data show that PPM creates permanent anatomical, 
functional, and molecular alterations selective to specific subfields, cell types, 
and molecules leading to an imbalance between excitatory and inhibitory 
processes in the PHR-PFC network of adult rats. 
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CHAPTER I 
INTRODUCTION 
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Introduction: Malnutrition 
Malnutrition is a condition characterized by “an impairment of health and 
physiological function resulting from the failure of an individual to obtain all the 
essential nutrients in the proper amount and balance” (Schaefer, 1969). The term 
malnutrition refers to the inadequate intake of nutrients (in deficient or excessive 
amount), whereas undernutrition refers solely to the insufficient ingestion of one 
or more nutrients, such as macronutrients (carbohydrates, protein, lipids) or 
micronutrients (i.e.: vitamins and minerals). In human populations, several factors 
determine the severity of the malnutrition insult, including the specific nutrient 
that is deficient per se, the duration, the timing of the insult, and interaction with 
genetic and environmental influences. 
Several events in history have subjected thousands of people to famine 
during different periods of time such as in the Austrian Famine (1918, 1936, 
1946), the Ukraine famine (1932-1933), the Leningrad Siege (1941-1944), the 
Dutch Hunger (1944-1945), and the Chinese Famine (1959-1961). Studies 
investigating the consequences of hunger have provided unique opportunities to 
investigate the long-term effects of early-life malnutrition and, even though based 
on tragic humanitarian events, have proven to be of great scientific relevance (de 
Rooij et al., 2014). Even though not always manifested in such extreme severity 
as during famines, malnutrition continues to be a significant global problem 
today. It is estimated that over half of the world’s population is affected by some 
form of malnutrition, including hunger, micronutrient deficiencies or excessive 
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consumption (FAO, 2014). Of these, over 1 billion people are affected by 
undernutrition, with children being at higher risk (UNICEF, 2011). Currently, one-
third of children in developing countries and 12% of children in the US suffer from 
malnutrition (FRAC, 2008). It is estimated that malnutrition contributes to half of 
all deaths in children under five (about 3 million lives per year) and increases the 
frequency and severity of disease associated with infectious diseases (UNICEF, 
2012).  
 The World Health Organization (WHO) estimates that undernutrition 
creates an enormous burden on overall health care costs and can reduce a 
nation’s economic growth. Anthropometric measures such as height and weight 
are used across populations to predict the burden of malnutrition in the economy. 
It is estimated that today 165 million children have stunted growth and 
compromised physical capabilities and cognitive development. These factors 
generate a population that will be less productive than they would be with a 
healthy growth pattern. However, many of the deficits caused by malnutrition are 
undetected by measures of physical growth and may persist even after nutritional 
recovery. Some of the “unseen” malnutrition-related deficits have been linked to 
the development of chronic diseases later in life. Elucidating the various 
mechanisms by which malnutrition impacts normal development may create 
pharmacological interventions to compensate for the effects of malnutrition and 
promote normal development.   
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Effects of Perinatal Malnutrition on Cognition and Neurological Disorders 
in Humans 
 The impact of malnutrition has been investigated across the life span of 
several human populations by different research groups. School children who 
were exposed to early malnutrition have been shown to perform significantly less 
effectively than children with no history of malnutrition (Evans et al., 1971; Singh 
and Anand, 1976; Pereira et al, 1979; Richardson et al., 1973, 1980; Galler et al., 
1984). In adolescents who were exposed to malnutrition early in childhood, poor 
academic performance was accompanied by attentional deficits even after they 
reached measures of physical growth (i.e., weight and height) comparable to the 
controls (Galler et al., 1983).  Additional symptoms related to malnutrition were 
also observed in adolescence including hyperactivity, increased aggression and 
conduct disorders (Liu et al., 2004). Furthermore, adolescents who were exposed 
to iron deficiency in infancy show deficits in executive function and recognition 
memory (Lukowski et al., 2010). 
 The physical and behavioral effects of early malnutrition continue into 
adulthood, even when nutritional deficits are recovered. Data from the Barbados 
Nutrition Study shows that exposure to perinatal malnutrition in humans is linked 
to cognitive impairment and to behavioral and neuropsychiatric disorders later in 
life, including attention deficits, mood disorders, and antisocial personality (Galler 
et al., 2012b). At age 40, individuals from the Barbadian cohort exhibit a 
personality profile that is “maladaptive” or “less favorable” than that of controls, 
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with traits such as depression, withdrawal, distrust, and lowered interpersonal 
orientation (Galler et al, 2013). Malnutrition-related deficits in attention persist 
into adulthood along with deficits in cognitive flexibility and concept formation 
(Waber et al., 2014a,b). Evidence from the 1944-1945 Dutch Hunger and from 
the 1959-1961 Chinese Famine suggest that individuals conceived during the 
famines have an increased prevalence of antisocial personality and a two-fold 
increase in risk for developing schizophrenia later in life (Susser et al, 1992, 
1996, St. Clair et al., 2005; Xu et al., 2009).  
These human studies show that early malnutrition can lead to long-term 
neurological deficits that persist into adulthood even after complete nutritional 
recovery. Of particular interest is the impact of malnutrition on the attentional 
network observed across the entire life span of the affected individuals. It is 
estimated that up to 50% of forebrain neurons in the adult rat are generated 
prenatally (Lewis et al., 1975).  A nutritional insult occurring during pregnancy is 
positioned to affect the cells that are being generated, migrating and establishing 
connections, potentially affecting normal development and contributing to 
neurological disorders. Subsequently, it is important to conduct research that 
isolates the pre- and postnatal periods to allow for a better understanding of the 
brain development of specific networks, particularly the ones associated to 
attention.  
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Prenatal Malnutrition 
There is increasing evidence that the disturbances during the prenatal 
period may be linked to chronic diseases later in life (Lewis et al., 2012). 
Theories regarding “developmental plasticity” and “fetal programming” postulate 
that the embryo reacts to clues in the intrauterine environment to predict and 
adapt to the outside environment and enhance its chances of early survival 
(Hales and Barker, 2001; Gluckman and Hanson, 2005). The developmental 
programming of health and disease (DOHAD) hypothesis postulates that 
maternal malnutrition during pregnancy can lead to metabolic and structural 
changes that favor fetal early survival, but may as a consequence increase the 
risk of diseases such as diabetes II in adulthood (Barker, 1999, Gluckman and 
Hanson, 2005). In fact, predisposition to obesity, diabetes and heart diseases 
later in life has been reported in the offspring of the Dutch Hunger Winter of 
1994-1945 (Roseboom et al., 2001). In this same population, there is strong 
evidence linking maternal malnutrition to schizophrenia later in life of offspring 
who were conceived during the peak of the famine (Susser and Lin, 1992; 
Susser, 1996). Similar findings were reported in the adult offspring from the 
Chinese Famine of 1959-1961 (St. Clair et al., 2005; Xu et al., 2009).  
This dissertation is comprised of several studies using a well-established 
rat model of prenatal protein malnutrition (Tonkiss and Galler, 1990). This model 
restricts the protein content of the diet but provides normal energy levels, 
resembling the kwashiorkor form of malnutrition in human populations.  Also, this 
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model isolates the malnutrition insult to the prenatal period, creating a unique 
opportunity to investigate the impact of protein deficiency in the maternal diet 
during pregnancy to long-term brain function of the offspring. For over thirty years 
this group has studied the effect of prenatal protein malnutrition (PPM) on 
offspring brain function. Research from this group has generated significant 
evidence of the enduring effects of the prenatal insult to the anatomy, behavior, 
and function of adult rats, even after nutritional rehabilitation. Particular focus 
from this group has been on the function and alterations in the hippocampal 
formation due to the structure’s known importance in learning and memory and 
based on reports of learning disabilities and poorer academic performance in 
children with a known history of early malnutrition (Galler et al., 1984, 1990; 
Galler and Ross, 1993). Studies in the adult rat after prenatal exposure to 
malnutrition also showed alterations in some properties of learning, memory, and 
emotion while remaining preserved in other aspects (Tonkiss and Galler, 1990; 
Tonkiss et al., 1990, 1993, 2000; Lukoyanov and Andrade, 2000). Parallel 
studies in the PPM rats also showed abnormalities in electrophysiological 
properties of hippocampal neurons and in long-term potentiation (Bronzino et al., 
1997; Rushmore et al, 1998; Luebke et al., 2000). These behavioral and 
neurophysiological alterations promoted a series of investigations aimed at 
finding the neuroanatomical correlates of these changes in the hippocampal 
formation.        
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Prenatal Protein Malnutrition and Structural Changes  
in the Hippocampus of Rats 
Studies examining malnutrition have reported that PPM does not have a 
global effect on the brain. Alternatively, the insult appears highly focal on select 
regions, cell types, and circuits. Several studies have reported altered 
hippocampal morphology in rats that were exposed to PPM, with most measures 
being indicative of degenerative changes. In the dentate gyrus of PPM rats, cells 
are smaller in size and have simpler dendritic arborization and reduced number 
of spines compared to adult controls (Cintra et al., 1990; Diaz-Cintra et al., 1991). 
Similar pattern was found in the CA1 and CA3 subfields, with smaller neurons, 
apical dendrites significantly less branched and reduced spine density compared 
to controls (Diaz-Cintra et al., 1994). Interestingly, these results are not 
consistent across all ages in the rat. For example, even though soma size of 
pyramidal neurons was reduced in the CA3 subfield in the adult rat, they were 
found to be similar to controls at 15 and 30 days of age (Diaz-Cintra et al, 1994). 
Also, even though the morphological changes tended to be degenerative, 
branching of the apical dendrite, for example, was significantly increased in the 
CA3 of adult rats, opposite to the reduction observed in spine density in the adult 
rats. In the CA1 subfield there were decreases in soma size and deficits in 
dendritic length and reduced spine densities, but these deficits were only found in 
the adult rat. At 30 days of age, spine density was found to be elevated and 
dendritic branching was unchanged in PPM rats compared to controls (Cintra et 
	  	  
9 
al., 1997). Specifically in the CA1 subfield, Lister et al. (2005, 2006) showed that 
there is a decrease in the total number of neurons in CA1 but no change in the 
other hippocampal subfields. This effect of PPM on the total number of neurons 
is not observed in the GABAergic population in the CA1 subfield, leading to an 
imbalance between the excitatory and inhibitory cells in CA1 that may cause 
increased inhibition in the hippocampus (Lister et al., 2011). Overall, these 
studies examining hippocampal morphology demonstrate several structural 
alterations in PPM rats that combined seem to have greater impact on 
GABAergic interneurons, generating an overall level of increased inhibition.  
Neurogenesis in the hippocampus is also affected by PPM. The impact 
appears to occur selectively on the granule cells of the dentate gyrus, with the 
PPM embryos showing a deficit of 37% in the number of newly generated cells 
compared to controls on embryonic day 20 (Debassio et al., 1994). Even after 
postnatal nutritional rehabilitation, PPM pups (PND 8) still showed a decrease in 
the number of newly generated granule cells in the dentate gyrus. However, by 
PND 30, the number of newly generated granule cells was increased in PPM 
rats, suggesting a delay in the timing of neurogenesis (Debassio et al., 1996).   
Behavioral Deficits Caused by Prenatal Protein Malnutrition 
 Earlier studies focused on hippocampus-dependent behaviors and 
reported several impairments related to PPM. At early ages (PND 5, 7, 9, 11) 
PPM pups showed significant lower “homing” behavior (ability to locate and 
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return to its nest; Tonkiss et al., 1993; Fischer et al., 2014). Also at a young age 
(PND 17, 18, 20), PPM rats showed significantly longer escape latencies time 
than controls during proximal-cue learning in the Morris water maze. However, by 
PND 70 and on to PND 90 and 220, there was no difference in spatial navigation 
between PPM rats and controls (Tonkiss et al., 1997; 1993).  
A series of behavioral tasks conducted in the adult rat showed evidence of 
behavioral inflexibility, described by Tonkiss et al. (1993) as an inability to give up 
previously learned responses even when the contingency of the test changes 
and the “old” response is no longer appropriate. These inflexible behaviors were 
observed in a series of tasks, such as retention of conditioned taste aversion, 
reversal learning in a T-maze, and performance of differential reinforcement of 
low rates operant tasks (reviewed in Tonkiss et al, 1993). Recently, McGaughy et 
al. (2014) also observed cognitive rigidity in PPM rats marked by impairments in 
attentional set shifting in the Intradimensional/Extradimesnional (ID/ED) Set 
Shifting Task. However, in this study, the neural substrates of PPM attentional 
impairments were associated to PFC regions.   
Alterations in Inhibitory Systems 
 The GABAergic system is critical to proper development and maturation of 
the nervous system. Perturbations in the GABAergic system are linked to 
imbalance between excitatory/inhibitory networks and, if disrupted during critical 
developmental periods, can lead to neurodevelopmental disorders (Smith-Hicks, 
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2013). Previous findings from our group have led us to the hypothesis that the 
GABAergic system is particularly affected by the prenatal malnutrition insult. 
Electrophysiological data shows that the intrinsic properties of principal cells are 
largely preserved (Rushmore et al., 1998), but the GABA system seems to be 
more active at both the single cell and population level in the prenatally 
malnourished group (Austin et al., 1992; Bronzino et al., 1999; Chang et al., 
2003; Luebke et al., 2000). These alterations reflect a direct effect on inhibitory 
properties, such as the increase in frequency of miniature postsynaptic currents 
in CA1 pyramidal cells (Luebke et al., 2000) and CA3 interneurons, which leads 
to increased tonic inhibition (Chang et al., 2003). Other alterations have an 
indirect effect on inhibitory properties, such as the increase in the ratio of 
interneurons to pyramidal neurons, leading to enhanced inhibitory potential, 
putatively by means of increasing synaptic contact formed by inhibitory cells on 
pyramidal neurons (Lister et al., 2011).  
 It has been demonstrated that PPM significantly alters the induction of 
hippocampal long term potentiation (LTP) throughout development, profoundly 
affecting hippocampal plasticity (Bronzino et al., 1997). LTP measures of 
population excitatory postsynaptic potentials (ESPN) and population spike 
amplitude (PSA) showed that PPM rats show significantly less enhancement of 
the PSA measure compared to controls, suggesting an enhancement of 
GABAergic inhibitory modulation of activity in granule cells. This concept of 
hyper-responsiveness of GABAergic interneurons induced by the malnutrition 
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insult has emerged in different studies and has been crucial to our hypothesis of 
how PPM impacts the brain.  
 Review of Hippocampus-Parahippocampal Region Connectivity 
One of the goals of this study was to investigate the impact of PPM on the 
parahippocampal region (PHR) of adult rats. The PHR lies adjacent to the 
hippocampus and is comprised of five regions: the presubiculum, the 
parasubiculum, the entorhinal cortex (consisting of the medial and the lateral 
entorhinal areas), the perirhinal cortex, and the postrhinal cortex. The entorhinal 
cortex (EC) in particular, has been described as the interface between the 
neocortex and the hippocampal formation (Kerr et al., 2007), providing the main 
source of input to and output from the hippocampus (van Strien et al., 2009). The 
inputs to the EC generally target the superficial layers (II-III), whereas neurons in 
the deep layers (V-VI) receive the major feedback projections from the CA1 
subfield and from the Subiculum. These deep layer neurons, in turn, project to 
neighboring cortical and subcortical structures (van Strien et al., 2009). This 
general model, however, is an oversimplification of the complex network between 
the hippocampus ant the PHR, but it exemplifies the pattern of interconnectivity 
between the hippocampus and the PHR.  The interest in the PHR emerged after 
the reports of neuronal deficits in the CA1 subfield in PPM rats (Lister et al., 
2005). The observed deficit in CA1 is expected to extend to areas intricately 
interconnected to the CA1, such as the adjacent entorhinal cortex. This study will 
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verify if the number of neurons in PHR was altered in PPM rats. This analysis will 
be conducted in the same cohort of animals used in the hippocampus study 
(Lister et al., 2005, 2006, 2011).  
Prefrontal Cortex 
Another goal of this study was to investigate the impact of PPM on the 
prefrontal cortex (PFC) regions involved in attentional processes. While most of 
earlier reports focused on the hippocampal formation, some studies showed 
alterations in neurotransmitter release (Mokler et al., 2007) and in immediate 
early gene activation in response to stress (Rosene et al., 2004) in the PFC of 
PPM rats compared to controls. Functional neuroimaging studies have proposed 
the involvement of the anterior cingulate in inhibiting premature (irrelevant) 
responses (Muir et al, 1996). Interestingly, children and adults with ADHD exhibit 
decreased metabolic function in the anterior cingulate and this dysfunction is 
postulated to contribute to the pathophysiology of ADHD (Rubia et al., 1999; 
Cubillo et al., 2010). Lower metabolic activity in the anterior cingulate and 
ventrolateral orbital cortex was also present in rats with poor impulse control 
(Barbelivien et al., 2001), providing further evidence of the involvement of the 
PFC in inhibitory control. Recent work from our group using the metabolic marker 
2-deoxyglucose (2DG), reported a decreased pattern of metabolic activation at 
resting state in four PFC regions of PPM rats, namely the anterior cingulate, the 
orbitofrontal, the prelimbic, and infralimbic cortices (McGaughy et al., 2014). It 
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was postulated that the impairments in attentional set shifting in PPM rats 
resulted from lower metabolic activation in the prelimbic cortex, the rodent 
equivalent to the dorsolateral prefrontal cortex in the monkey and humans. The 
results from these previous studies have directed the aims of this current study to 
assess metabolic activity in the PFC and in an extended network to identify the 
neural substrates of impaired attention and cognitive control in PPM rats 
compared to controls. This study will also quantify the number of neurons in the 
PFC of PPM rats to controls. Stereological analysis will be conducted in the 
same cohort of animals used in the hippocampus study (Lister et al., 2005, 2006, 
2011) and, as mentioned previously, in the analysis of the PHR. 
Study Outline and Study Aims 
The long lasting neuroanatomical deficits have been well documented in 
the hippocampus. However, no other studies have investigated the adjacent 
parahippocampal region (PHR), which provides the main input route to the 
hippocampus as well as output. The intricate connectivity between the 
hippocampal formation and the PHR suggests that the neuronal deficit seen in 
the CA1 subfield of PPM rats might extend to input/output regions within the 
PHR. The current project used stereological methods to quantify the number of 
neurons in the PHR and verify if the deficit found in the CA1 subfield is also 
observed in the presubiculum, parasubiculum, and entorhinal cortex. In addition 
to the PHR, stereological estimation of total neuron numbers was also performed 
in the PFC. As described earlier, behaviorally PPM rats have lower anxiety, 
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higher impulsivity (Almeida et al., 1996), decreased inhibitory control and are 
more cognitive rigid than control rats (McGaughy et al., 2014), suggesting an 
effect of PPM on prefrontal cortex circuit. The goal of the current project was to 
quantify alterations in the population of PFC neurons in prenatally malnourished 
rats. We hypothesize that a deficit in neuronal number in the PFC may underlie 
the observed behavioral and functional impairments due to dysfunctional 
attention network in PPM rats. The stereological study was performed in two 
different cohorts of animals: the first was the same cohort of Sprague-Dawley 
rats used in the hippocampal study by Lister et al. (2005; 2006; 2011). A second 
cohort of Long-Evans rats was used to verify if the stereological estimate 
obtained in the Sprague-Dawleys was replicated in a different strain of rats 
subjected to the same PPM model. The stereological investigation of PFC 
neurons was done in collaboration with a doctoral student in the Department of 
Pathology and Laboratory Medicine, Mr. Mark Wojnarowicz Jr. 
The second goal of this project was to verify the effect of PPM on brain 
activation patterns in subfields of the PFC that are critical for attentional function. 
Regional brain activity was assessed using the metabolic marker 14C-2-
deoxyglucose (2DG), a marker of glucose uptake, at resting levels and during 
performance in a sustained attention task. The primary regions of interest 
included four PFC subfields: the anterior cingulate, the orbitofrontal, the prelimbic 
and the infralimbic cortices. In addition to these regions, we also assessed twelve 
cortical and subcortical regions to verify the impact of PPM on a larger network. 
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An additional part of this study was conducted in collaboration with a master’s 
student in the Anatomy & Neurobiology Department, Ms. Xiyue Wang, and aimed 
to identify the activation pattern of inhibitory interneurons in response to stress in 
the PFC of PPM rats compared to controls. This approach utilized 
immunohistochemistry to double-label c-Fos and parvalbumin positive 
interneurons. 
A final goal of this study was to investigate the effect of PPM on gene 
expression patterns. While the long lasting effect of PPM on behavioral and 
neurological deficits has been well documented, little is known about alterations 
of molecular mechanisms affected by such insults. Unpublished data from a gene 
microarray previously conducted by our group was used to guide our selection of 
possible genes of interest. Among the many genes that were up- or down-
regulated in the PFC of PPM rats, one in gene in particular, KCNJ3 (inwardly-
rectifying potassium channel) showed the highest change and was selected for 
follow-up study using quantitative real-time polymerase chain reaction and 
Western blot analysis. KCNJ3 is a potassium channel subunit that has an 
important role in controlling neuronal excitability. Alterations in KCNJ3 have been 
associated with several neurological diseases marked by an imbalance in 
excitatory and inhibitory signalling.  
The overall hypothesis of this project is that prenatal protein malnutrition 
will impact the anatomy and function of the prefrontal cortex of adult rats, 
specifically affecting the inhibitory interneurons in subfields that mediate 
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attentional processes, including the anterior cingulate, prelimbic and orbitofrontal 
cortices. Furthermore, PPM will impact a broader network of input and output 
areas connected to the prefrontal cortex. 
Aim 1: To determine quantitatively the number of neurons in eight regions 
of the parahippocampal region using design-based stereology. 
Hypothesis for Aim 1: We hypothesize that there will be a decrease in 
neuron numbers in the entorhinal cortex with deficits in the superficial 
layers that project to the CA1 subfield and in the deep layers that receive 
feedback from CA1 of PPM rats compared to controls.  
 Previous reports in our group revealed that PPM selectively impacted the 
neuronal population in the CA1 subfield of the hippocampus and spared neurons 
in the other subfields (Lister et al., 2005; 2006). This selective vulnerability of the 
CA1subfield affected the balance between excitatory (glutamatergic) neurons 
and inhibitory (GABAergic) interneurons and contributed to the profile of 
enhanced hippocampal inhibition observed in PPM rats (Lister et al., 2011). The 
parahippocampal region is highly interconnected with the hippocampus and it is 
likely that degeneration of neurons in CA1 impacts interconnecting regions such 
as the entorhinal cortex (EC). Superficial layers of the EC send prominent 
projections to CA1, which in turn project back to the deep layers of the EC. 
Stereological parameters will be used to estimate the neuronal numbers in the 
PHR. These results will be presented in chapter II. 
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Aim 2: To determine quantitatively the number of neurons in the medial 
prefrontal cortex (mPFC) using design-based stereology. 
Hypothesis for Aim 2: We hypothesize that there will be a decrease in 
neuron numbers in the mPFC of PPM rats compared to controls. 
 Behavioral deficits observed in PPM rats such as lower anxiety and/or 
higher impulsivity (Almeida et al., 1996), behavioral inflexibility (Tonkiss et al., 
1993), decreased inhibitory control and increased cognitive rigidity (McGaughy et 
al., 2014) suggest alterations in PFC. Earlier reports showed alterations in 
neurotransmitter release (Mokler et al., 2007) and in immediate early gene 
activation in response to stress (Rosene et al., 2004) in the mPFC of PPM rats. 
These alterations could result from a decrease in number of neurons or from an 
imbalance in the ratio between excitatory and inhibitory cells in the mPFC as 
previously observed in the hippocampus. Stereological parameters will be used 
to estimate the neuronal numbers in the mPFC and will be presented in chapter 
II, along with the stereological estimates from the PHR. 
Aim 3: To determine the metabolic correlates underlying the behavioral 
effects of prenatal protein malnutrition on the prefrontal cortex of adult 
rats. 
Hypothesis for Aim 3:  We hypothesize that there will be a decrease in 
metabolic activity in the mPFC of PPM rats compared to controls. 
Brain activity will be assessed by using the metabolic marker 2-
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[14C]deoxyglucose (2DG) to evaluate glucose uptake in different areas of the 
brain in resting state and during performance in a sustained attention task (SAT). 
Functional magnetic resonance imaging (fMRI) studies in children with ADHD 
reveal decreased activation in frontal regions, including the anterior cingulate 
(Bush et al., 1999; Rubia et al., 1999). Adults with ADHD also show the reduced 
activation in frontal regions during tasks of motor inhibition and, furthermore, the 
hypofrontality was accompanied by reduced inter-regional functional connectivity 
within fronto-striatal and fronto-parietal regions compared to controls (Cubillo et 
al., 2010). 2DG as a marker of brain activation has been successfully used to 
detect hypofunction in frontal regions in a rodent model of ADHD (Barbelivien et 
al., 2001). In this model, rats that made more premature anticipatory responses 
exhibited decreased metabolic activity in the cingulate and frontal cortices, 
suggesting that their impulsivity (or inability to inhibit response) might be related 
to dysfunction in these frontal regions.  This study will allow us to identify the 
effect of PPM on metabolic activity in subregions of the PFC during resting state 
and during performance in a sustained attention test and, possibly, identify other 
loci part for a network of regions differentially activated in PPM rats. Results from 
this study will be presented in Chapter III. 
Aim 4: To identify the specific neuronal subtypes differentially activated 
during restraint stress in the prenatal malnutrition network. 
Hypothesis for Aim 4: We hypothesize that there will be an increase in the 
activation of mPFC inhibitory interneurons in PPM rats compared to controls. 
	  	  
20 
We will utilize double-labeling of c-Fos and Parvalbumin immunoreactivity 
to identify activated populations of GABA-ergic interneurons in the mPFC of PPM 
rats compared to controls. Previous work showed that PPM rats exhibit an 
excessive response to behavioral stress in the anterior cingulate characterized 
by a higher number of c-Fos (Rosene et al., 2004). Previous studies by Bronzino 
et al. (1991a, 1991b, 1997) in the hippocampus suggested a hyper-response of 
inhibitory interneurons in the dentate gyrus of PPM rats. We hypothesize that a 
similar pattern of hyper-activation of GABAergic interneurons occurs in the PFC 
of PPM rats, possibly leading to a hypoactivation net effect.  This study will 
quantify the relative distribution of c-Fos positive inhibitory interneurons in the 
mPFC during resting state and in response to a restraint stress and will identify 
activation patterns at the cellular level. Results from Aims 3 and 4 will be 
presented in Chapter III. 
Aim 5: To quantify the effect of PPM on expression levels of KCNJ3 mRNA 
and protein in the prefrontal cortex, hippocampus, and basal ganglia of the 
adult rat. 
Hypothesis for Aim 5: We hypothesize that there will be a decrease in the 
expression of KCNJ3 in the PFC and hippocampus of PPM rats compared 
to controls. 
The KCNJ3 gene demonstrated the highest fold change (-5.3) in the PFC 
of PPM rats in an unpublished microarray study. In the microarray results, 
KCNJ3 mRNA levels were decreased compared to controls, consistent with 
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findings from other groups showing downregulation of this gene in schizophrenia 
and epilepsy patients. The mechanisms by which KCNJ3 is implicated in these 
diseases is not well understood, but alterations in KCNJ3 levels seem to 
generate imbalance between excitation and inhibition and, for this reason, could 
exert important influence in PPM rats. These results will be presented in Chapter 
IV. 
Aim 6: To determine the overall regional activation in the PFC and in the 
hippocampus of the adult rat.  
Hypothesis for Aim 6: We hypothesize that there will be a decrease in 
baseline activity levels in the PFC and no change in the hippocampus of 
PPM rats. 
This study will utilize 2DG to measure levels of baseline metabolic activity 
in PPM rats compared to controls. Based on our hypothesis that KCNJ3 levels 
will be decreased in the PFC, we expect to see a pattern of hyperexcitability 
expressed by increased 2DG uptake in the PFC of PPM rats. However, it has 
been shown that GABAergic interneurons are hyperactive in PPM rats, leading to 
decreased synaptic activity in the hippocampus. If this pattern of hyperactivity of 
inhibitory interneurons is also present in the PFC, then PPM rats will show 
decreased levels of 2DG uptake. These results will be presented in in Chapter 
IV. 
Finally, a summary of results and overall discussion will be presented in 
Chapter V. 
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ABSTRACT  
Prenatal malnutrition leads to several anatomical and functional changes in the 
hippocampus of adult rats even after nutritional rehabilitation from birth. Previous 
studies showed a deficit in the number of neurons in the CA1 subfield of 
prenatally malnourished rats while remaining unchanged in other regions of the 
hippocampus. In the present study we used unbiased stereology to investigate 
the effect of prenatal malnutrition on the neuronal population on the 
parahippocampal region, an area adjacent to and highly connected with the 
hippocampus. Behaviorally, prenatally malnourished rats show dysfunction in 
behavioral control, which is usually associated with the prefrontal cortex. Hence 
we extended our stereological investigation to the medial prefrontal cortex to 
verify the effect of prenatal protein malnutrition on this region’s neuronal 
population. Results show that the deficit in neuron numbers previously observed 
in CA1 is also observed in the presubiculum and in the medial entorhinal cortex, 
suggesting that neurons in these specific regions of the parahippocampal circuit 
are particularly vulnerable to the nutritional insult. Results also show that prenatal 
malnutrition does not cause a deficit in the neuronal population in the medial 
prefrontal cortex of adult rats, indicating that the functional and behavioral deficits 
found in this region are not due to a decrease in neurons in this area. 
 
 
	  	  
31 
INTRODUCTION 
 Prenatally malnourished children exhibit long-term neurological effects in 
part due to protein deprivation during a critical period of development.  These 
children have lower scores on standardized intelligence tests (Waber et al., 
2014a), high incidence of ADHD (Waber et al., 2014b), increased distractibility 
(Galler et al., 1983), and greater vulnerability to depression and anxiety (Waber 
et al., 2014b). To disentangle the effects of prenatal nutrition from genetic and 
environmental factors, we have employed a rodent model of prenatal protein 
malnutrition (Tonkiss and Galler, 1990). Rodents serve as a useful homolog in 
studying prenatal malnutrition, as the relative time course of forebrain 
development events is conserved across mammalian species (Morgane et al., 
2002). Utilizing the 6% casein model, our group has previously found that, like 
humans, rats exhibit a combination of behavioral control deficits.  Prenatally 
malnourished rats manifest increased impulsivity toward exploration in the open 
field maze and radial arm maze (Wolf et al., 1986), and exhibit a concomitant 
hyperactivity as measured through a stabilometer (Wolf et al., 1986). This 
increased impulsivity may also contribute to the decreased aversion to open-
arms in the elevated T- maze (Almeida et al., 1996). Prenatally malnourished 
animals also exhibit perseverative deficits when required to switch task rules 
(Tonkiss et al., 1990; McGaughy et al., 2014). Together this constellation of 
behavioral deficits would seem to implicate dysfunction in behavioral control 
mechanisms, which are commonly associated with the prefrontal cortex. 
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The networks that may be altered in the forebrain of prenatally 
malnourished animals are not fully understood. Our group has previously 
demonstrated a significant reduction in the number of neurons in region CA1 of 
the hippocampus (Lister et al., 2005), whereas the number of parvalbumin-
positive interneurons in CA1 remains the same (Lister et al., 2011). We have also 
observed an increased frequency of miniature inhibitory post-synaptic potentials 
in CA1 pyramidal neurons (Luebke et al., 2000). Together these findings suggest 
that the principal cells of CA1 are subjected to greater inhibition as a 
consequence of prenatal malnutrition. As CA1 provides a major hippocampal 
afferent to prefrontal cortex (Cenquizca & Swanson, 2007) and the hypothalamus 
(Cenquizca & Swanson, 2006), attenuation of the output of the hippocampus 
may be contributing to the behavioral phenotypes observed with prenatal 
malnutrition. It is unknown whether regions in the temporal lobe other than the 
hippocampus suffer hypotrophy as a consequence of prenatal malnutrition. 
Moreover, the medial prefrontal cortex, which is more directly implicated in many 
of the abnormal behaviors of prenatal malnourished rats, such as attentional 
deficits, impulsivity, perseveration, and behavioral inflexibility (reviewed in 
Tonkiss et al., 1993), has also not yet been characterized. Therefore in this 
study, we expand the scope of our histological investigation to quantify the neural 
hypotrophy in the medial prefrontal cortex and the parahippocampal region of the 
temporal lobe.  
	  	  
33 
Review of the Parahippocampal Region 
The parahippocampal region (PHR) lies adjacent to the hippocampus and 
is comprised of five regions: the presubiculum, the parasubiculum, the entorhinal 
cortex (consisting of the medial and the lateral entorhinal areas), the perirhinal 
cortex, and the postrhinal cortex. The entorhinal cortex (EC) in particular has 
been described as the interface between the neocortex and the hippocampal 
formation (Kerr et al., 2007), providing the main source of input to the 
hippocampus as well as output (van Strien et al., 2009). Figure 1 shows the 
position of the EC and surrounding perihinal and postrhinal cortex in the rat brain. 
And Figures 2A and 2B show the standard view of connectivity between the PHR 
and the hippocampus. This generally accepted scheme describes that the inputs 
to the EC target the superficial layers (II-III), whereas neurons in the deep layers 
(V-VI) receive the major feedback projections from the CA1 subfield and from the 
Subiculum. These deep layer neurons, in turn, project to neighboring cortical and 
subcortical structures. This general model, however, is an oversimplification of 
the network and does not take into account, for example, that feedback 
projections from the hippocampus also reach the superficial layers of the EC 
(Reviewed in Canto et al., 2008).   
 
MATERIALS AND METHODS 
Subjects, Animal Procedures and Nutritional Treatment 
 The subjects used in this study were the same as used for a previous 
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report of neuron counts in the HF (Lister JP et al., 2005) and neuronal 
hemispheric asymmetry (Lister JP et al., 2006). Briefly, the subjects were 
Sprague-Dawley rats (VAF plus, Charles River Laboratories, Kingston, MA) 
housed in the Laboratory Animal Science Center of Boston University Medical 
Center, which is fully accredited by the Association for the Assessment and 
Accreditation of Laboratory Animal Care (AAALAC). All experiments were 
conducted in strict accordance with the guidelines of the NIH Guide for the Care 
and Use of Laboratory Animals and the U.S. Public Health Service Policy on 
humane Care and Use of Laboratory Animals and approved by the Institutional 
Animal Care and Use Committee at Boston University School of Medicine. 
 Five weeks prior to mating, nulliparous female rats were allowed ad libitum 
access to one of two isocaloric diets that either provided adequate protein (25% 
casein) or low-protein (6% casein) (as previously described by Galler and 
Tonkiss, 1990). Female rats were given 5 weeks to metabolically adapt to the 
diet, whereas the male rats were given 1 week for acclimatizing. After birth, litters 
from both the malnourished and normally nourished dams were culled to 8 pups 
(6 male and 2 female) to ensure adequate access to milk, and fostered to well-
nourished mothers who had given birth within the previous 24 hours. Pups born 
to dams provided with the 6% casein diet and cross-fostered to lactating dams 
given the 25% casein diet were designated “6/25” (prenatally malnourished). 
Pups born to dams provided with the 25% casein diet and fostered to other 
lactating dams also in the 25% diet were designated “25/25” (normally nourished 
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controls). Rats were weaned onto regular laboratory chow (Purina, formula 5001) 
at postnatal day 21 and were maintained in same-gender, littermate groups of 
two or three. This protocol was designed to assure that the malnutrition insult 
was restricted to the prenatal period. A more detailed description of the 
nutritional, mating, and fostering procedures is given in a previous paper 
(Tonkiss and Galler, 1990). 
Tissue Processing 
 At 90 days of age, one male animal was randomly chosen from each of 10 
litters of 25/25 animals and 10 litters of 6/25 animals. Subjects were deeply 
anesthetized with sodium pentobarbital and perfused through the heart with 4% 
paraformaldehyde in 0.1 M phosphate-buffer solution (PBS) (pH 7.4) for 5 
minutes (about 250 ml of fixative). The brains were removed and immersed in 
solutions of glycerol for cryoprotection as previously described (Rosene et al., 
1986). Then the brains were flash-frozen in 2-methylbutane at -75°C and stored 
at -80°C until they were cut horizontally in a microtome at a thickness of 30 µm. 
The sections were collected at 8 interrupted series, resulting in a 240 µm 
distance between every successive section within a series. The tissue from one 
series was thionin stained and used for stereological analysis. Cut sections were 
placed in 0.1 M PBS and then mounted on gelatin-subbed slides and allowed to 
air dry. The slides were then immersed in a series of solutions to rehydrate the 
sections in descending graded ethanol solutions (100%, 100%, 95%, 70%, 50%, 
distilled water; 1 minute per bath), stained in thionin (0.05% solution for 4 
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minutes), then dehydrated in ascending ethanol solutions (distilled water, 50%, 
70%, 95%, 100%, 100%; 4 minutes per bath, cleared in xylene baths (5 minutes 
each), and then cover slipped with Permount (Fisher Scientific). The remaining 
series were saved in a 15% glycerol in 0.1 M PBS solution and frozen at -80°C 
for other experiments. 
Definition of Anatomical Areas 
Parahippoacampal region 
 Subregions of the PHR were delineated as described by Mulders et al 
(1997) and Haug (1976). However, differently from Mulders et al., we divided the 
PrS into its most dorsal part, the postsubiculum (PoS), from the PrS proper. Also, 
we combined layers II and III of the MEC and LEC into one and called them 
superficial layers of MEC and LEC (MEC-S and LEC-S) whereas Mulders et al. 
counted layers II and III separately (Figure 3A). 
Presubiculum (PrS). The three-layered allocortex in the subiculum transitions 
into the parahippocampal region with an abrupt increase in the number of layers 
at the subiculum-presubiculum border, giving rise to the six-layered entorhinal 
cortex (Witter et al., 2000). Also characteristic in this transition is the continuation 
of the subicular sheet by a cell-sparse layer IV, the lamina dissecans, along the 
presubiculum, parasubiculum and the entorhinal cortex. The superficial layers of 
the PrS contain predominantly small neurons, which are densely packed in layer 
II, forming a characteristic darker outline of the region. These neuronal clusters 
are not present in layer III where the cells are more evenly distributed. Medially, 
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the PrS boarders the Subiculum (Sub) with larger and darker stained cells, which 
establishes a clear boundary between the two regions. Ventrolaterally the PrS 
boarders the PaS. 
Parasubiculum (PaS). The PaS lacks the densely packed layer II neurons found 
in the PrS. Also, the neurons here are larger and layer I is wider than in the PrS.  
Deep layers of Pr/PaS (Pr/PaS-D). The deep layers of Pr/PaS were easily 
identified by the presence of the cell-scarce lamina dissecans (layer IV). 
Laterally, the PaS boarders the medial entorhinal cortex. Cells here are medium-
sized and densely packed. The deep layers from PrS cannot be distinguished 
from the deep layers of PaS, but combined they can be differentiated from the 
deep layers of the entorhinal cortex by the columnar organization of neurons in 
this cortex, which contrasts the more “random” arrangement of cells in PrS and 
PaS.  
Superficial layers of Medial Entorhinal Cortex (MEC-S). The EC, like the PrS 
and PaS, is characterized by the presence of a cell-sparse layer IV, or lamina 
dissecans, which makes a clear distinction between the superficial layers (I, II, III) 
and the deep layers (V, VI). Layer II neurons are large and densely packed and 
can be differentiated from the smaller and less dense layer III neurons, but in this 
study they were grouped and treated as MEC-S. The transition from PaS into 
MEC is marked by the clear visualization of the separate layers II and III in EC, 
which is not observed in the PaS. Also, the neurons in the PaS are smaller and 
less stained than the MEC-S neurons. 
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Deep layers of MEC (MEC-D). Layers V and VI of MEC were readily separable 
from the superficial layers by the presence of the lamina dissecans. The 
columnar organization of the neurons here distinguishes them from the 
neighboring Pr/PaS-D and LEC-D. 
Superficial layers of Lateral Entorhinal Cortex (LEC-S). The LEC-S can be 
distinguished from the MEC-S by its large darkly staining cells in layer II , in 
which the neurons seem form clusters that differentiate them from the MEC 
region. Also, the lamina dissecans is thinner at the LEC level. 
Deep layers of LEC (LEC-D). Layers V and VI of the LEC are separated from 
the superficial layers by the lamina dissecans. Also, the LEC-D neurons are 
larger, less dense, and do not have the columnar organization of the MEC-D 
neurons (Mulders et al., 1997). Laterally, the LEC borders the perirhinal and 
piriform cortices. It is noticeable that at this level the lamina dissecans 
disappears, giving rise to a well-developed inner granular layer IV (Witter et al., 
2000).  
Medial Prefrontal Cortex (mPFC). The ROI was defined as described by 
Rosene et al. (2004). In short, the mPFC, comprising the anterior cingulate 
cortex, the prelimbic cortex, and the infralimbic cortex, were outlined as one 
region (Figure 3B) and referred to as mPFC. The ROI was bounded caudally by 
the rostral part of the corpus callosum (the tip of the subcortical white matter). 
The first section selected for stereological evaluation was immediately after the 
corpus callosum crossed the midline and every eighth section following until the 
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corpus callosum ended at 240 µm intervals. 
Stereology 
Stereological estimations of total neuron numbers and volume were 
acquired using two systems: for stereological estimation of the PHR, the 
Bioquant Nova V5.50.8 program (Bioquant Image Analysis, Nashville, TN) on a 
computer coupled to an E600 Nikon microscope with differential interference 
contrast (DIC) optics, a motorized stage and an Optronics video camera were 
used. For stereological estimation of the mPFC, the StereoInvestigator software 
(version 8.21.7, MBF Bioscience, Williston, VT) on a computer attached to a 
Nikon Eclipse E600 microscope. The optical fractionator technique was applied 
to estimate total neuron numbers within each region of interest (ROI) (West et al., 
1991). In short, a fraction of all the sections that contain the ROI is selected at 
predetermined intervals after the first section is randomly selected. A grid of 
known dimensions will overlay the entire ROI and at each intersection a dissector 
box (counting frame) is used to count neurons while focusing through the depth 
of the tissue. Two lines of the dissector box are used as exclusion lines and 
every neuron that touches them will not be counted.  
 ROI were outlined as described earlier (Definition of Anatomical Areas) 
using a 4X magnification and counts conducted using a 100X oil immersion 
objective. After outlining each region, a sampling grid of pre-determined 
dimensions (PoS, PrS, PaS and Pr/PaS-D: 150 µm2; MEC: 225 µm2; LEC: 200 
µm2; mPFC: 500 µm2) was applied over the ROI. The dimensions of the dissector 
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box placed at each grid intersection that fell within the outlined ROI were the 
same for all the PHR regions: 20 x 20 µm2 and for the mPFC: 50 x 50 µm2. 
Neurons were identified morphologically by their larger pale nuclei surrounded by 
darkly stained cytoplasm containing Nissl bodies. The neuronal nucleus was 
identified and used as a counting object. Glia were identified by their smaller 
nuclei and lack of cytoplasmatic staining and not included in the count.  
 
RESULTS 
Neuron Numbers  
 Neuron numbers were quantified for eight regions of the PHR: 
postsubiculum (PoS), presubiculum (PrS), parasubiculum (PaS), deep layer of 
presubiculum and parasubiculum (Pr/PaS-D), superficial layer of medial 
entorhinal cortex (MEC-S), deep layer of medial entorhinal cortex (MEC-D), 
superficial layer of lateral entorhinal cortex (LEC-S), and deep layer of lateral 
entorhinal cortex (LEC-D) in left and right hemispheres of 25/25 and 6/25 rats. 
The results are presented in Table 1. Coefficient of errors (CE) were calculated 
according to Gundersen et al., 1999. CE values for every subject were <0.1 and 
not included in the table. A two-way ANOVA (Nutrition [2 levels] X Hemisphere [2 
levels]) revealed a significant main effect of Nutrition (F(1,26)=11.82, p=0.002), 
but no main effect of Hemisphere (F(1,26)=2.402, p=0.133), and no Nutrition X 
Hemisphere interaction (F(1,26)=0.188, p=0.668). Since there were no 
interhemispheric differences, data was collapsed across hemispheres for follow 
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up analysis. Neuron numbers for the eight subfields of the PHR combined are 
shown in Figure 4A. A two-way ANOVA (Nutrition [2 levels] X Regions [8 levels]) 
revealed a significant main effect of Nutrition (F(1,104)=44.29, p<0.0001), a 
significant main effect of Region (F(7,104)=179.5, p<0.0001), and a significant 
interaction between Nutrition X Region (F(7,104)=5.462, p<0.0001). Multiple 
comparison t-tests with statistical significance determined using the Sidak-
Bonferroni method revealed that the 6/25 rats had significantly lower number of 
neurons in the PrS (t(13)=5.138, p<0.0001) and in the MEC-S (t(13)=5.306, 
p<0.0001). The number of neurons in the other six sampled areas (PoS, PaS, 
Pr/PaS-D, MEC-D, LEC-S and LEC-D) were unchanged between 6/25 and 25/25 
rats.  
 Neuron numbers were also quantified in the mPFC. Results are presented 
in Table 1 (last column). CE values for all subjects were <0.1 and were not 
included in the table. A two-way ANOVA (Hemisphere [2 levels] X Nutrition [2 
levels] showed no main effect of Hemisphere (F(1,28)=1.916, p=0.177), no main 
effect of Nutrition (F(1,28)=1.147, p=0.293), and no interaction between 
Hemisphere X Nutrition (F(1,28)=0.109, p=0.743). Since there were no 
interhemispheric differences data was collapsed across hemispheres and shown 
in Figure 4B.  
Volume  
 The volume for the nine regions was compared across nutritional groups. 
Results are presented in Table 2. CE values for every subject were <0.1 and not 
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included in the table. For the eight subfields of the PHR, a two-way ANOVA 
(Hemisphere [2 levels] X Nutrition [2 levels] showed no main effect of 
Hemisphere (F(1,26)=0.107, p=0.745), no main effect of Nutrition (F(1,26)=0.199, 
p=0.658), and no interaction between Hemisphere X Nutrition (F(1,26)=0.024, 
p=0.876). Since there were no interhemispheric differences data was collapsed 
across hemispheres and shown in Figure 5A. For the mPFC region, a two-way 
ANOVA (Hemisphere [2 levels] X Nutrition [2 levels] showed no main effect of 
Hemisphere (F(1,26)=1.790, p=0.192), no main effect of Nutrition (F(1,26)=2.772, 
p=0.107), and no interaction between Hemisphere X Nutrition (F(1,26)=1.323, 
p=0.260). Since there were no interhemispheric differences data was collapsed 
across hemispheres and shown in Figure 5B. 
  Sections suffered extensive shrinkage and reduced to approximately 7µm, 
hence guard volumes were not used. The entire thickness of the section (30µm) 
was sampled. Volumes were estimated using the Cavalieri method (Gundersen 
and Jensen, 1987). 
Discussion 
Summary of Results 
This study is the first to investigate the effect of PPM on neuron numbers 
in the PHR and in the mPFC of adult rats. Previous studies from our group 
reported that the CA1 subregion of the hippocampus is vulnerable to the 
nutritional insult and, in this study, we show that PPM has an even more robust 
effect in the adjacent PHR, with neuronal deficits in the “input stream” to the 
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hippocampus (PrS and MEC-S). The neuronal deficit is not accompanied by a 
decrease in volume in the same region. These results suggest that regions within 
the circuit “PHR-Hippocampus” are particularly vulnerable to the nutritional insult. 
The second goal of this study was to verify if PPM affected the total number of 
neurons in the mPFC and our results show that there is no change in neuronal 
population in this region. This result is also important, as many of the alterations 
that have been reported in the mPFC (i.e.: decreased baseline metabolic activity, 
higher c-Fos activation in response to stress, altered pattern of gene expression 
among others) are not a result of alteration in the total number of neurons, at 
least in the mPFC.  
The pattern of hypotrophy that we observe seems at first glance to oppose 
what we might expect given the behavioral deficits. The pattern of deficits 
exhibited by prenatally malnourished rats falls under a broad banner of 
attentional disorders and behavioral control, which are often sequel of prefrontal 
damage (Owen et al., 1991; Birrel and Brown, 2000). Whereas the function of the 
hippocampus and medial entorhinal cortex is often assessed with spatial memory 
tasks, which do not yield clear deficits in prenatally malnourished rodents. We will 
reconcile our present results with the behavioral literature in the following 
sections.  
Neural Deficits in the Temporal Lobe 
One of the most prominent theories of the function of the hippocampal 
formation is that it provides an internal representation of space, or a “cognitive 
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map” (Tolman, 1948; O’Keefe and Nadel, 1978). It is compelling that our findings 
show hypotrophy exclusively restricted to the regions of the hippocampal 
formation that contain spatially responsive neurons. Indeed the place cells of 
CA1 (O’Keefe and Dostrovsky, 1971), and the head direction cells and grid cells 
in the presubiculum and medial entorhinal cortex (Taube, 2007; Hafting et al., 
2005; Boccara et al., 2010) together constitute what is hypothesized to be the 
path integration network of the brain (McNaughton et al., 2006) -- with the grid 
cells supplying the coordinate system, head direction cells providing the bearing, 
and place cells tracking position as the animal moves through space. Despite the 
specificity of the insult, prenatally malnourished rats exhibit no deficit in spatial 
tasks, vis-à-vis the Morris water maze (Tonkiss et al., 1994; Tonkiss et al., 1997; 
Tonkiss et al., 2003), the radial arm maze (Wolf et al., 1986), or in delayed non-
match to place on a T-maze (Tonkiss & Galler, 1990). Careful inspection of the 
literature reveals that damage to these regions is not always sufficient to produce 
deficits in spatial tasks that endure past initial post-lesion testing (e.g. Nagahara 
et al, 1995; Steffanach et al, 2005). Especially since focal lesions have limitations 
in their effect on performance in spatial tasks, it is plausible that the neural tissue 
remaining in the temporal lobe after prenatal malnourishment might be sufficient 
to permit spatial processing to go uninterrupted. 
It is interesting to note that prenatally malnourished rats have extra 
difficulty switching to new task rules especially when it requires integrating 
information across long delays, but not when delays between trials are 
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sufficiently short (Tonkiss and Galler, 1990). In addition, prenatally malnourished 
rats are impaired in learning to delay responses between lever presses in an 
operant chamber after being over-trained to make continuous presses (Tonkiss 
and Galler, 1990). Though these deficits both involve learning new behavioral 
rules, they also require maintaining a continual record of experience across long 
delays. Suh and colleagues (2011) have demonstrated that the MEC neurons 
that project to CA1 are critical for efficiently forming associations of events across 
time, while interruption of this pathway has no effect on place cells or standard 
version of the Morris water maze. The recently discovered "time cells" in CA1 
that bridge events across temporal delays (McDonald et al., 2011; Pastalkova et 
al., 2007) may also be involved in a larger network with MEC to link events 
together that are not temporally contiguous (Kraus et al., 2013; Kraus et al., in 
review). Since these regions undergo hypotrophy in malnourished rats, it is 
possible that this impoverished network cannot properly track temporally 
disparate events, which contributes to an inability to learn how task events are 
related across long delays. 
It is notable that three stations within parahippocampal region that are 
intimately connected with one another all undergo hypotrophy, whereas 
neighboring regions which themselves form their own somewhat separate 
network remain unaffected. One feature that sets the PrS and the MEC apart 
from neighboring regions is that these cells are not part of a zinc containing 
system which can be detected with a selenium stain (Slomianka, 1992). This 
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indicates that this affected network has genotypic dissimilarity with the unaffected 
network, which might provide a clue for future investigation into the vulnerabilities 
of these neurons. 
Prefrontal dysfunction in absence of cytoarchitectonic change 
Dysfunctional attentional control is one of the most prominent 
characteristics observed in both humans and rodents that have been prenatally 
malnourished (Waber et al., 2014; McGaughy et al., 2014). Lesion studies in both 
species have demonstrated that attentional control critically depends on the 
prefrontal cortex (Owen et al., 1991; Birrel and Brown, 2000), and selective 
attending to a specific object of interest necessitates effective communication 
between the prefrontal cortex and the temporal lobe (Tomita et al., 1999; Baldauf 
and Desimone, 2014). Exacerbating the cognitive difficulties due to attention 
deficits, prefrontal dysfunction also leads to a lack of impulsivity control 
(Chudasama et al., 2003). We observe impulsivity control deficits in prenatally 
malnourished rats though their bold exploration of open arms in an elevated T-
maze (Almeida et al., 1996). This may also explain repeated entries to visited 
arms during the initial acquisition of the radial arm maze, despite the prenatally 
malnourished animals eventually learning the task faster than controls (Wolf et 
al., 1986). 
The attention and impulsivity behaviors that are observed as a 
consequence of prenatal malnourishment may be due to dysfunctional output 
from the hippocampal formation onto subcortical structures. The hippocampus 
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projects directly to the hypothalamus (Cenquizca & Swanson, 2006), and is 
known to affect the functioning of several neuromodulatory systems, importantly 
including the HPA axis (Herman et al., 2005) which may affect attention and 
impulsivity on a global level. It is of interest to note that the descending efferents 
of the hippocampus are in a position to affect global modulatory systems, 
because microdialysis studies by our group have found that neuromodulators in 
the prefrontal cortex and hippocampus are abnormally regulated in prenatally 
malnourished rats during stress (Mokler et al., 2007) with a concomitant 
alteration in prefrontal cFos expression (Rosene et al., 2004). It is therefore 
possible that the dysfunctional behavior seen after prenatal malnutrition could be 
the product of the hippocampus being unable to influence the polysynaptic 
pathway that regulates the neuromodulatory systems. However, there may 
instead be dysfunction within the hypothalamus or neuromodulatory nuclei 
themselves, and any temporal lobe deficits may only exacerbate the primary 
dysfunction. 
Alternatively, the hypotrophy of CA1 and the entorhinal cortex may 
critically alter the functioning of the prefrontal cortex, as these temporal lobe 
regions have prominent afferent projections (Cenquizca & Swanson, 2007; Kerr 
et al., 2007). A recent cross-lesion study by Chudasama and colleagues (2012) 
demonstrated that direct ipsilateral communication between the ventral 
hippocampus and prefrontal cortex is necessary for normal impulsivity control, 
whereas the intact commissures and subcortical structures were unable to 
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maintain normal behavior in the cross-lesion animals. This suggests that the 
deficits seen as a result of prenatal malnourishment may not be entirely 
described by subcortical dysfunction. 
Whether altered neuromodulation or reduced long-range fronto-temporal 
communication contributes to the deficits seen in malnutrition is a subject of 
ongoing study. Elucidating the ontology of the deficit may help determine the 
ontogeny of the insult, which may in turn aid in mitigating the consequences of 
prenatal malnutrition, and help us develop better methods for assisting patients 
enduring the lasting sequelae. 
Technical Considerations 
The tissue used in this study was the same tissue used in two earlier 
reports by Lister et al. (2005; 2006). The main technical consideration is that the 
30 µm-thick-frozen sections suffered extensive shrinkage. The average final 
thickness of thionin sections mounted on slides was approximately 7 µm, which 
did not allow for the use of guard volumes above or below the dissector box. The 
top surface of the tissue was used as the z-axis exclusion plane and neurons 
were only counted if they came into focus below this plane. However, the lack of 
a lower guard volume introduces the possibility on undercounting neurons which 
had their nuclei pulled by the microtome knife or undercounting neurons due to 
the “lost cap” problem. This issue was addressed in previous publications (Lister 
et al., 2005; 2006) and it is likely that the number of neurons is underestimated 
by about 10% on both groups. 
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Functional Considerations 
 It is not surprising that other regions connected to CA1 also show deficit of 
neurons. It is interesting that PPM seems to affect a specific circuit (PrS → MEC-
S → CA1) of input into the hippocampus, and does not cause a widespread 
effect on parallel circuits, such as the projections between the LEC and CA1, for 
example, that are very similar to the MEC projections. What is unique about the 
MEC that could explain the localized effect of PPM on this circuitry? Uniquely 
located in the MEC are the “grid cells” (Hafting et al., 2005), cells that fire at 
locations corresponding to the vertices of a hexagonal lattice across the 
environment, suggesting their role in mapping the outside world and in spatial 
navigation. It has also been suggested that neurons in the MEC encode head 
direction and movement velocity and that they are influenced by self movement. 
However, not all cells in the MEC are grid cells. Besides the presence of grid 
cells, Sargolini et al. (2006) have reported the presence of head direction cells 
and also grid and head direction conjunctive cells while Solstad et al. (2008) 
have reported the presence of border cells in the MEC. Whereas these cells 
show spatial firing properties, rats that received lesions to the MEC were mildly 
affected spatial navigation in the water maze and showed deficit in the path 
integration task (Van Cauter et al., 2012). In this study, following surgery, rats 
that received MEC lesions swam significantly longer distances to find the 
platform than rats with LEC or SHAM lesions however, subjects from the three 
groups improved over sessions and by the end of training there was no 
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difference between the groups.  
Studies from our group have reported the effect of PPM on spatial 
navigation in subjects of different ages and under different treatments. Tonkiss et 
al. (1994) showed that neither proximal-cue navigation (at PND 16-20) nor distal-
cue navigation (at PND 20-27, 70-71, and 220-221) was significantly impaired in 
the prenatally malnourished rats relative to controls. However, in a study of the 
effects of prenatal protein malnutrition and prenatal cocaine, Tonkiss et al. (1997) 
found that the young 6/25 rats (at PND 21, 25 and 30) swam significantly longer 
than the 25/25 rats. By the time the rats were adults (at PND 70 and on) 6/25 had 
similar performance to controls on the Morris Water Maze. However, in this study 
the pregnant mothers either received injections of saline solution (prenatal 
protein malnutrition group) or injections of cocaine (prenatal cocaine group). It 
seems that the prenatal treatment of saline injections might have induced 
additional effects during gestation that led to on the deficit in navigation 
performance of juvenile pups (PND 21,25,30). All together, these data indicate 
that the lower number of neurons in MEC and CA1 does not affect navigation 
performance in PPM rats. This is not all surprising considering that the shaping of 
the spatial map occurs in the postnatal period (Moser et al., 2008), where the 
PPM rats, regardless of having a slight disadvantage by having fewer neurons to 
encode for navigation, have the chance to develop their spatial representation 
from experience postnatally. It has been suggested that proximal-cue navigation 
develops at around PND 17-18 and that distant-cue navigation develops at 
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around PND 20-21 for Long-Evans rats (Rudy et al., 1987) or around PND 25-27 
for Sprague-Dawleys rats (Tonkiss et al., 1993). Also, in case of the hippocampal 
place cells, Martin and Berthoz (2002) showed that place fields were not fully 
expressed in CA1 until rats were about PND 50. Furthermore, Eichenbaum and 
Lipton (2008) have suggested that besides holding a spatial representation, the 
MEC also contains a representation of temporal cortex and, together, these 
representations serve a role in episodic memory. 
Possible Mechanisms of Neuronal Deficit in PHR 
Vulnerability of neurons in superficial layers of EC  
  Numerous studies have reported severe damage to the EC in Alzheimer’s 
disease (AD) (Hyman et al., 1984; Arnold et al., 1991, Brak and Brak, 1993) 
marked by significant neuronal loss and likely contributes to memory impairment. 
Specifically layer II neurons, those that interconnect the HF with several 
association areas and structures crucial to memory, are selectively vulnerable to 
AD (Gomez-Isla et al, 1996) and in elderly people with mild cognitive disease 
(Kordower et al, 2001).  
 Histological examination of specimens from patients who suffered from 
temporal lobe epilepsy reveals frequent loss of neurons and gliosis in CA1, CA3, 
and the dentate hilus (Margerison and Corsellis, 1966; Babb and Brown, 1987; 
Bruton, 1988). This neuropathology is followed by a substantial neuronal loss in 
layer III of the EC most prominent in the anterior part of the MEC of temporal 
lobe epilepsy patients (Du et al., 1993). These same authors used three different 
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rat model of epilepsy to investigate seizure-related damage to the EC in male 
adult rats and observed similar pattern of neuronal loss in layer III of the MEC 
(Du et al., 1995). Furthermore, the authors observed that many of the surviving 
neurons in the damaged layer III were parvalbumin positive, suggesting a relative 
resistance of interneurons to seizure damage. The reason for this seeming 
vulnerability of layer III is unknown. Even though the nutrition insult affects the 
superficial layers of the MEC, the deficit caused by PPM is not limited to layer III, 
although all the areas are directly connected to it. It could be that in PPM fewer 
neurons are born, or they don’t migrate properly, or if they die after they reach 
their final destination.  
Alteration in cell cycle and cell migration 
Deo et al. (1978) showed that the cell cycle of rat pups born from mothers 
fed a 5% protein diet during pregnancy is prolonged, causing a delay in cell 
migration of the cerebellar neurons. The authors showed a lengthening of the S-
phase by over 200% and a subsequent shortening of G1 caused my maternal 
undernutrition. Consequently, whereas the complete cell cycle in control rats was 
20 hrs, in the prenatally malnourished group the time was increased to 24 hrs. 
Furthermore, this “tardiness” in the cell cycle leads to a delay in cell migration 
potentially interfering with synaptogenesis (Deo et al., 1978).  
Apoptosis 
 Studies in human placentas reveal that placentas complicated by severe 
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preeclampsia or intrauterine growth retardation have increased apoptosis in the 
syncytiotrophoblast (S-cells; important for maintenance of pregnancy and fetal 
growth) (Ishihara et al., 2002). Rats that were exposed to 50% maternal food 
restriction (MFR) also show increased placental apoptosis (Belkacemi et al., 
2009). Different mechanisms seem to be involved in apoptosis during abnormal 
placenta dysfunction but, in general, response to an apoptotic stimuli depend on 
the balance between the anti- (Bcl2 and Bcl-XL,) and pro-apoptotic (Bax and Bak) 
proteins of the Bcl2 family. In fact, Belkacemi et al. (2011) showed that placentas 
from maternal undernutrition have increased apoptosic cell death (marked by 
activated Caspase-3 expression) accompanied by downregulation of anti-
apoptotic Bcl2 and Bcl-XL and upregulation of pro-apoptotic proteins Bax and 
Bak in the mitochondria. in part through activation of Fas death receptor.   
Conclusion 
It is not known in our experimental model if PPM affects the neuronal 
population of the PrS and MEC-S during cell formation, migration, differentiation 
and/or cell death. Furthermore, it is not understood why PPM affects specific 
regions within the HF↔PHR circuit and not others, such as the LEC, and even 
the mPFC. It is not well understood how this difference in cell number in the PrS 
and MEC-S influences function and behavior. Future studies will aim at 
investigating the effect of PPM on the neuronal population during the embryonic 
and early post natal periods to determine the effect of PPM on neurogenesis and 
neuronal migration. Future studies should also include the two components of the 
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PHR that were not included in this study, namely the perirhinal (PER) and the 
postrhinal cortices (POR). The POR in particular is densely interconnected with 
the MEC and could also be part of the selected circuit.  
Overall, results from these stereological studies show further evidence of 
the highly selective feature of the cytoarchitectural abnormalities induced by 
PPM. Furthermore, the lack of impact on performance of PPM rats in the Morris 
water maze suggests that spatial navigation is not solely reliant on the number of 
neurons within the circuit.  
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Figure 1:  
 
Figure 1: Lateral view of the parahippocampal region in the rat brain: 
position of the entorhinal cortex (lateral and medial) and the surrounding 
perirhinal and postrhinal cortices in the left hemisphere of the rat brain.  
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Figure 2A:  
 
Figure 2B: 
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Figure 2A: Standard view of parahippocampal region (PHR) – hippocampal 
formation (HF) circuitry (adapted from van Strien et al., 2009). According to this 
standard view, the entorhinal cortex (EC) provides the main source of input to the 
HF through the performant pathway. EC projections from layer II of the lateral 
and medial entorhinal cortices (LEC and MEC) go to the dentate gyrus (DG) and 
CA3 region of the HF. Projections from layer III of the LEC and MEC arrive at the 
subiculum (Sub) and CA1 subfield of the HF. Return projections from the HF 
leave the Sub and CA1 and target the deep layers (V and VI) of the EC. The cells 
in the deep layers of the EC give rise to projections back to cortical regions as 
well as association projections to the superficial layers of the EC (not depicted in 
the diagram). Also illustrated in the diagram is the strong projection from the 
presubiculum (PrS) to the EC as well as the projections within the HF connecting 
its subregions. In short, the mossy fibers from the DG project to CA3 and the 
CA3 Schaffer collaterals project to CA1 and subsequently to the Sub. The 
projections from the perirhinal and postrhinal cortices (PER and POR) and from 
the neocortex to the EC were not depicted in the diagram. Projections from the 
parasubiculum (PaS) have not been well established and were not depicted. 
Figure 2B: Schematic representation of the overall organization of the 
entorhinal cortex and its connectivity with the hippocampus. Areas shaded 
in green are preferentially connected to LEC while those connected to MEC are 
shaded in blue. 
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Figure 3: Regions of Interest: Parahippocampal Region Subfields and 
Medial Prefrontal Cortex  
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Figure 3: Regions of Interest: Parahippocampal subfields and Medial 
Prefrontal Cortex: The cytoarchitectonic delineation of (A) parahippocampal 
region (PHR) subfields (B) medial prefrontal cortex (mPFC). Arrowheads indicate 
the boarders between the regions. PoS is not shown.  
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Figure 4: 
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Figure 4: Graph illustrating the mean number of neurons in the (A) PHR and 
(B) mPFC of control (25/25) and prenatally malnourished rats (6/25). (A) 
Group mean neuron numbers for the eight subfields of the PHR combined. (B) 
Group mean neuron numbers for the mPFC. Each bar represents the group 
mean. The error bars represent the standard error of the mean. 
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Figure 5: 
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Figure 5: Graphs illustrating the mean volumes for the PHR and mPFC of 
Control (25/25) and Prenatally Malnourished Rats (6/25). (A) Group mean 
volume for the eight subfields of the PHR combined (estimated volume for each 
subfield is provided on Table 2). (B) Group mean volume for the mPFC. Statistics 
were run evaluating each subfield separately, but no significance was detected. 
Each bar represents the group mean. The error bars represent the standard error 
of the mean. 
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Figure 6: 
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Figure 6: Graph illustrating the mean neuron numbers for each of the eight 
regions of the PHR. Each bar represents the group mean. Error bar is equal to 
SEM. ANOVA revealed an overall effect of Nutrition, Region, and Nutrition by 
Region Interaction, and post-hoc t-tests showed that the effects were due to a 
reduction in neuron numbers in the 6/25 rats in the PrS and MEC-S subfields. 
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ELICITS ENHANCED GABAERGIC RESPONSE IN THE PREFRONTAL 
CORTEX OF ADULT RATS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
	  	  
74 
Abstract  
Studies in our group have shown anatomical, functional, and molecular 
alterations induced by prenatal protein malnutrition (PPM) in the hippocampus of 
adult rats that lead to an imbalance between excitatory/inhibitory cellular 
properties. This imbalance seems to increase focalized tonic inhibition in the 
hippocampus and interfere with the ability of PPM rats to learn “new rules” in 
behavioral tasks. PPM rats also show decreased inhibitory control and greater 
cognitive inflexibility in attentional tasks, behavioral domains dependent on 
prefrontal cortex (PFC) function. In the present study, we sought to identify the 
metabolic correlates underlying the cognitive inflexibility in PPM rats by using the 
metabolic marker 2-[14C]deoxyglucose (2DG). Neural activation patterns were 
investigated in resting conditions and during performance in a sustained attention 
test with an unpredictable distractor (uSAT).  
Results show that PPM rats have significantly lower baseline activation in 
four PFC regions associated with attention including the anterior cingulate, the 
orbitofrontal, the prelimbic, and the infralimbic cortices. These four PFC regions 
also show significantly lower activation during performance on uSAT while twelve 
other areas across the brain, such as the basal ganglia and hippocampus, 
remain unchanged. Furthermore, to investigate activation pattern at the cellular 
level, double-labelling immunohistochemistry combining a marker for neuronal 
activation (c-Fos) with a marker for inhibitory interneurons (parvalbumin) was 
used to identify specific neuronal subtypes differentially activated during restraint 
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stress in the PPM network. Results demonstrated that there was no effect of 
PPM on the total number of neurons or on the number of parvalbumin neurons in 
either stressed or unstressed subjects. However, PPM rats showed a significant 
increase in the number of c-Fos positive neurons as well as in the number of 
inhibitory parvalbumin positive neurons double labeled with c-Fos within the 
stress condition, while remaining unchanged in the unstressed subjects from 
both nutritional groups. 
Overall these results confirm that PPM permanently alters activity levels in 
PFC regions associated with inhibitory control and cognitive flexibility. 
Furthermore, within the PFC network, PPM increases the excitability of inhibitory 
interneurons, which could contribute to the observed reduction in overall PFC 
activity. Further studies are needed to explain how PPM alters the excitability of 
inhibitory interneurons. An understanding of the mechanisms by which PPM can 
target and activate GABAergic interneurons and elicit a hypoactivation response 
may be of value in designing pharmacological studies to manipulate this system.   
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Introduction 
 Maternal malnutrition during pregnancy is associated with diseases in the 
offspring later in life (Gluckman and Hanson, 2005; Gluckman et al., 2008; 
Roseboom et al., 2011). Studies using a rat model of prenatal protein 
malnutrition (PPM; Tonkiss and Galler, 1990) followed by nutritional rehabilitation 
show anatomical changes in the brain and alterations in behavior that endure 
throughout adulthood (reviewed in Morgane et al., 2002). Early studies 
investigated the vulnerability of the hippocampal formation, a structure involved 
in learning and memory, and reported permanent anatomical alterations on 
select subregions and even layers, indicating an effect in specific circuits. An 
example of this specificity is the deficit in neuronal population in the CA1 region 
and in the presubiculum (PrS) and in superficial layers of the medial entorhinal 
cortex (MEC-S), while remaining unchanged in other hippocampal and 
parahippocampal region subfields (CA1: Lister et al., 2005; PrS and MEC-S: 
Amaral et al., unpublished). Behaviorally, PPM affects different aspects of 
learning and memory, specifically creating attentional deficits throughout the life 
span, suggesting vulnerability across a broader cortical network including the 
prefrontal cortex (PFC). Initial studies showed that PPM rats have a significantly 
higher number of c-Fos neurons in the PFC after being exposed to restraint 
stress, indicating an altered response to stress compared to controls (Rosene et 
al., 2004). However, it is not known if the activated neurons are excitatory or 
inhibitory, which would lead to different levels of overall activity. Furthermore, it 
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not known if the observed perturbation in PFC is present in interconnected 
regions such as the medial dorsal thalamic nucleus and hippocampus.  
 The aim of the present study was to identify which brain areas are 
differentially activated in the PPM network in resting conditions and during 
performance in a sustained attention test with an unpredictable distractor (uSAT). 
Therefore, the metabolic marker 2-[14C]deoxyglucose (2DG) was used to 
compare neural activation levels between PPM rats and controls in resting 
conditions and during performance in a sustained attention test with an 
unpredictable distractor (uSAT). Furthermore, to identify the neuronal subtypes 
differentially activated during restraint stress in the PPM network, double-
labelling immunohistochemistry was conducted using markers of activation (c-
Fos) and GABAergic interneurons (Parvalbumin).  
 
Methods  
Subjects and Housing Conditions 
 
Subjects used in all experiments described here were Long-Evan hooded rats 
obtained from Charles River (Wilmington, MA). They were housed in animal 
quarters maintained at a temperature of 23°C (± 2°) and at 45-55% humidity 
with a reverse 12h night (8:00-20:00) 12h day (20:00-8:00) light cycle. All 
procedures p e r f o r m e d  f o r  t h e  2 D G  s t u d y  were approved by the 
University of New England Institutional Animal Care and Use Committee 
(protocol 20101005MOK) in accordance with guidelines outlined in the NIH 
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Guide for the Care and Use of Laboratory Animals and the Society for 
Neuroscience Policies on the Use of Animals and Humans in Neuroscience 
Research. All procedures performed for the Immunohistochemistry study 
(Nutrition X Stress) were conducted   
Nutritional Treatment and Breeding 
 
Virgin female Long-Evan hooded rats were randomly assigned to one of two 
nutritional conditions. One group was fed a high protein diet (25% casein, 
Teklad Laboratories, Madison, WI) while the other group received an isocaloric, 
low protein diet (6% casein, Teklad Laboratories, Madison, WI) beginning five 
weeks prior to mating and continuing throughout pregnancy. These diets have 
been described in detail elsewhere (Tonkiss and Galler, 1990). All females were 
mated with males that had been acclimated to the same respective diet for one 
week. Throughout pregnancy, dams were singly housed in individual 
polysulfone breeding cages, 39.5 x 34.6 x 21.3 cm (l x w x h; Tecniplast, 
Maywood, NJ). Following parturition, litters from both nutritional groups were 
culled to eight pups (2 females and 6 males) and were fostered as whole litter 
within 24 hrs of birth to dams receiving the 25% casein diet. Each foster dam had 
given birth within the same 24h period. Pups born to mothers on the 6% casein 
diet that were fostered to mothers on the 25% casein diet were designated as 
members of the 6/25 (prenatally malnourished) group while pups born to mothers 
on a 25% casein diet that were also fostered to other mothers on a 25% casein 
diet were designated as members of the 25/25 (prenatally well-nourished) group 
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and served as control subjects. On postnatal day (PND) 21, all rats were 
weaned and placed on a standard laboratory chow diet (Purina Mills Inc., 
Richmond, IN; Formula 5001). Subjects were then pair-housed with same-
sexed littermates and given ad libitum food and water. Personnel involved 
in behavioral and 2DG studies were blind to condition until the completion of 
data collection. Rats were weighed weekly during the litter period and after 
weaning. 
14C-2-deoxyglucose (2DG)  
Two separate cohorts were used for analysis of regional brain activity 
assessed by glucose uptake. To evaluate baseline levels of brain activity glucose 
uptake, five control (25/25) and five prenatally malnourished (6/25) adult 
(>PND90) subjects that were behaviorally naïve were used (designated as 
naïve). And to evaluate regional glucose uptake during performance in a 
Sustained Attention Test with an unpredictable light distractor (uSAT), eight 
25/25 and eight 6/25 adult subjects were used (designated as uSAT). 
Experiments with each cohort were performed separately and general procedures 
were conducted in strict accordance with previous studies (Rushmore et al, 2005; 
McGaughy et al., 2014). In short, on the day of tissue harvest, subjects received 
an intraperitoneal injection of the metabolic activity marker 14C-2-deoxyglucose 
(2DG) at a dose of 100µCi/Kg, (specific activity = 390mCi/mmol). After the 
injection, animals from the naïve group were returned to their home cages 
whereas each animal from the uSAT group was placed in a behavioral testing 
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chamber to perform at uSAT for 45 minutes to allow the 2DG to be optimally 
taken up in active brain structures (Sokolloff et al., 1977). Animals were then 
removed from the home cage (naïve) or chamber (uSAT) and immediately 
anesthetized with sodium pentobarbital (65 mg/kg) to produce a deep surgical 
level of anesthesia and perfused through the aorta with 250 ml of fixative (2% 
paraformaldehyde and 15% sucrose in 0.1M phosphate buffer, pH 7.4) for 5 
minutes. The brains were immediately removed, coated with albumin and frozen 
at -30ºC in 2-methylbutane for 30 min and stored at -80ºC. Serial coronal brain 
sections (23 µm) were obtained with a cryostat (Hacker Instruments, Inc., 
Fairfield, NJ) with the chamber temperature at -23ºC. One of every five sections 
was mounted onto gelatin-chrome alum subbed coverslips. After a block of 
twenty-one sections, 4 serial sections were collected with gelatin subbed 
microscope slides to be used for histological staining. The cover slips were 
rapidly dried on a warming plate and the slides were stored at -80ºC. Groups of 
forty-eight coverslips (twelve from four subjects) were affixed to Bristol board and 
placed in a -20ºC. Coverslips were apposed to high-resolution X-ray film 
(Structurix D7, Agfa, Belgium) with calibrated 14C microscales (Amersham, 
Piscataway, NJ) and exposed at -80ºC for 10 days. Films were developed (Kodak 
D-19) for 10 minutes, washed, and fixed (Kodak Fixer). These autoradiographs 
were digitized using imaging software (MCID, Imaging Research, Ontario, 
Canada), constant illumination (Northern light illuminator) and flat field correction. 
Uptake of 2DG was assessed using MCID analysis software to measure 
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calibrated optical densities in five prefrontal cortical regions of interest (ROI) for 
the naïve group: the anterior cingulate (ACC), orbitofrontal cortex (OFC), the pre-
limbic cortex (PrL), the infra-limbic cortex (IL), the piriform cortex (Pir) and one 
non-prefrontal control region: the superior colliculus (SC). For the uSAT group, 
besides the ACC, OFC, PrL, IL, Pir, and SC, ten additional cortical and 
subcortical ROI were sampled: the basal ganglia (BG), the cingulate cortex 
(Cing), the hippocampus (Hipp), the mediodorsal thalamic nucleus (MD), the 
anterior thalamic nucleus (Ant), the reuniens thalamic nucleus (Reu), the primary 
sensory cortex (barrel field) (Sen), the habenula (Hab), the mammillary bodies 
(MB), and the retrosplenial cortex (RS). White matter in corresponding regions 
was also measured and used to normalize the gray matter values (Sharp et al., 
1983; Rushmore et al., 2005). The investigator performing the sampling was 
blind to the experimental condition of each animal, and the code was only broken 
after analysis was complete.  
Histological Staining 
The histological procedures included Nissl staining and acethylcolinesterase 
(AChE) and served to confirm the anatomical boundaries of the regions of 
interest being sampled in the 2DG analysis. 
Nissl Stain 
First sections were submersed in 1:1 alcohol/chloroform solution for 1 hour. 
Sections were then hydrated in a series of alcohol baths from 100%, 95%, 70% 
and 50%, each for 5 minutes, followed by two baths in distilled water. Next the 
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slides with the sections were put in a thionin solution (0.1% thionin in 0.5M acetic 
acid and 5M sodium acetate with a few drops of glacial acetic acid to reach a 4.8 
pH) for about 2 to 4 minutes. Then the sections were immersed in a distilled 
water bath to removed excess thionin followed by a series of dehydration baths 
of alcohol (50%, 70%, 95%) and finally two baths of 100% for 5 minutes each. 
Sections were then immersed in three baths of Histoclear (Sigma-Aldrich Inc., St. 
Louis, MO) and then coverslipped with Permount (Fischer Scientific, Fair Lawn, 
NJ). 
AChE 
AChE histochemistry was carried out on mounted sections according to a 
standard protocol (Geneser-Jensen and Blackstad, 1971). First, sections were 
washed in a 25% aqueous sodium sulphate (2 washes of 5 minutes each). They 
were then incubated overnight in medium containing 4 mM acetylthiocholine, 2 
mM copper sulphate, 10 mM glycine, 50 mM acetate buffer at pH 5 and 0.2 mM 
ethopropazine, a selective inhibitor of unspecific cholinesterase. After incubation, 
sections were rinsed in distilled water (3 times for 5 minutes each) and then 
treated for one minute with 1% silver nitrate solution. This was followed by 
another series of washes in distilled water (3 times for 5 minutes each). The 
sections were then dehydrated (50%, 70%, 100% ethanol) for 5 minutes each 
and then cleared in xylene and coverslipped with Permount (Fischer Scientific, 
Fair Lawn, NJ). 
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Immunohistochemistry Study: Nutrition X Stress 
Behavioral Stress  
At 90 days of age, 32 rats were blind coded and assigned into of the four 
conditions: 6/25 stressed, 6/25 unstressed, 25/25 stressed and 25/25 unstressed 
(n=8 in each group). For the stress condition, rats were brought into the test room 
individually between 9:00 am and 12:30 pm. They were then placed into the 
restraint tube for a 20 min period. Three hours after the onset of stress, rats were 
removed from the home cage individually and prepared for perfusion. For the 
unstressed condition, age- and nutrition- matched rats stayed in their home cage 
until perfusion. All rats were perfused within the same time period between 12:00 
and 3:30 pm. 
Tissue Preparation 
Rats were anesthetized with sodium pentobarbital and transcardially 
perfused for 15 min with 200 ml of 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS) solution. Brains were immediately removed and transferred 
to a cryoprotectant solution consisting of 10% glycerol with 2% dimethylsulfide 
(DMSO) in 0.1 M PBS for 24 h. They were then transferred to a solution 
consisting of 20% glycerol with 2% DMSO in 0.2 M PBS for 48h. Brains were 
then frozen in isopentane at -75˚C and stored in -80˚C before cutting (Rosene et 
al., 1986). Brains were sectioned at 30µm thickness on a sliding microtome in 
coronal plane. Sections were divided into eight interrupted series and stored in a 
15% glycerol solution in 0.1M PBS at -80˚C until processed. 
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One series was processed for thionin stain. The thionin staining sections 
were immediately mounted onto gelatin-subbed slides, dried overnight, 
dehydrated in descending graded alcohols, cleared in xylene and coverslipped 
with Permount (Fisher Scientific Cat SP-15). This thionin stained series was used 
for quantification of total neuronal number, while the remaining series were saved 
for immunohistochemistry. 
Immunocytochemistry 
For immunocytochemistry, one series of tissue from 31 (16 stressed, 15 
unstressed) rats were thawed then processed together. All sections were rinsed 
in 0.05 M tris-buffered saline (TBS) solution three times for 5 min each. Next, 
sections were incubated for 30 min in a 3% H2O2 solution to quench the 
endogenous peroxidase activity and rinsed again in 0.05 M TBS three times for 5 
min each. Following blocking with 10% normal goat serum (GIBCO BRL, Grand 
Island, NY) and 0.4% Triton-X in TBS for 2 hours, sections were incubated in 
anti-c-Fos antibody (polyclonal, Catalog# PC-38, Oncogene Sciences, 
Cambridge, MA) at a dilution of 1:10000 for 48 h at 4˚C. After rinsing with a block 
solution (2% normal goat serum with 0.1% Triton-X in TBS) three times for 5 min 
each, sections were incubated for 2h at room temperature in biotinylated goat 
secondary antibody (anti-rabbit immunoglobulin, Vector Laboratories, 
Burlingame, CA) at a dilution of 1:600 in the stock solution. Next, they were 
washed in the stock solution three times for 5 min each followed by treatment 
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with ABC reagent (Vector Laboratories, Burlingame, CA) for 1h. Following 
washing in TBS three times for 5 min each, sections were placed in a Ni-DAB 
(Sigma, St. Louis, MO) solution (250 mg Nickel (II) sulfate, 2mg 
diaminobenzidine and 83µl 3% H2O2 in every 10 ml 0.175 M sodium acetate) for 
6 min. Sections were then washed in sodium acetate three times and followed by 
0.05 M TBS three times for 5 min each. 
The sections to be double-labeled for parvalbumin were rinsed three times 
with TBS and quenched with 3% H2O2 as above. They were then incubated in 
anti-parvalbumin antibody (monoclonal, Lot# 10-11 (F), Switzerland) for 24h at 
4˚C. The procedures described above were followed except adopting anti-mouse 
immunoglobulin (Vector Laboratories, Burlingame, CA) as a secondary antibody. 
Parvalbumin immunoreactivity was visualized using a DAB (Sigma, St. Louis, 
MO) solution (2mg diaminobenzidine and 8.3µl 3% H2O2 in every 10 ml 0.175 M 
sodium acetate) for 6 min. The sections were then mounted onto gelatin coated 
glass slides, dried overnight, dehydrated in ascending alcohols, cleared in xylene 
and coverslipped with Permount (Fisher Scientific Cat SP-15). 
Stereology 
Unbiased stereology was conducted using StereoInvestigator software 
(MicroBrightField, Colchester, VT) on a computer coupled to a Nikon light 
microscope. The region of interest (ROI) for stereology is the most anterior part 
of the cingulate cortex (ACg) and the adjacent medial prefrontal cortex (mPFC). 
As shown in Figure 12A, the ROI was bounded ventrally by corpus callosum and 
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ventrally by the transition from agranular to granular cortex. Rostrocaudally, the 
sections were selected between the first appearance of striatum (Bregma 2.20 
mm) and the first appearance of anterior commissure (Bregma -0.26 mm). The 
estimates were conducted using the optical fractionator method (West et al., 
1991). Briefly, a grid was selected to overlay the ROI. At each grid intersection, a 
three-dimension probe (the optical dissector) was placed. Cells were counted 
only if they reach focus within the dissector frame, which was set with two 
exclusion lines and exclusion planes at both the top and bottom of each dissector 
(Figure 12B). Sampling grid and frame size was optimized to get a coefficient 
error lower than the biological variability. 
The total neuron number was estimated using the series of thionin staining 
sections containing the entire ROI. Cells were counted if they met the following 
criteria: (1) polygonal soma; (2) clearly visible large nucleus surrounded by darkly 
stained cytoplasm containing Nissl bodies within the inclusion boundaries (Lister 
et. al, 2005). The ROI was outlined using a 4× objective and counting was 
performed using a 60×oil objective. A 500 × 500µm grid and a 50 × 50µm frame 
were used for counts. The interrupted series containing every sixteenth sections, 
so the section sampling fraction (ssf) was 1/16. Since the average thickness of 
sections shrank to ~8µm after thionin staining, exclusion planes were not used. 
We focused through the sections during counting, so the height of the optical 
dissector was the actual section that thickness and the thickness sampling 
fraction (tsf) was 1. 
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Counted c-Fos positive nuclei were classified into two categories based on 
the intensity of staining as determined by visual inspection. The two categories 
were heavy and light (as previously described in Rosene et al., 2004). Heavily 
stained cells had a nucleus that was completely filled with dark black reaction 
product. For light staining cells, the nucleus was at least partially labeled with 
grey reaction product light and heavily stained nuclei are shown in Figure 
14D&F). Identified neurons classified into one of the two categories were then 
marked and sampled using a 400 × 400µm grid and a 100 × 100µm frame. 
Counted parvalbumin positive interneurons were counted if they contained brown 
cytoplasm and clearly seen projections, as shown in Figure 14C&F. The size of 
dissect grid was 500 × 500µm, frame was 100 × 100µm. As shown in Figure 
14E&H, double-labeled neurons with c-Fos and parvalbumin were identified by 
clearly outlined dark staining nucleus surrounded with brown cytoplasm. 
Corresponding to the criteria used for classifying c-Fos staining, counted double-
labeled neurons were marked into two categories using a 200 × 200µm grid and 
a 150 × 150µm frame. For immunoreactive cells, the ROI was outlined using a 4× 
objective and counted using a 40× objective. The interrupted series containing 
every eighth sections, so the section sampling fraction (ssf) was 1/8. Because of 
shrinkage we did not use exclusion planes. The height of the optical dissector 
was the actual section thickness; hence, the thickness sampling fraction (tsf) was 
1. 
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Results 
Baseline activity  
Results from this study have been published on McGaughy et al. 
(2014). In summary, results revealed no inter-hemispheric differences 
(Hemisphere: F(1,6)=1.19; p=0.3) and  no significant interactions of 
hemisphere with any factor (all p > 0.05). Hence, data shown are the mean 
metabolic activity collapsed across hemisphere for each region (Figures 7 and 
8). Rats that were prenatally malnourished (6/25) had decreased metabolic 
activity (Nutrition: F(1,6) =6.88; p=0.04) which varied by subregion (Nutrition x 
Region: F(5,30) =4.26; p <0.03). Malnutrition was associated with decreased 
metabolic activity in four prefrontal subregions (Test of nutrition group 
differences using least squares means showed PrL, ACC, OFC: all p <0.001; 
IL: p<0.01)(Figure 8). These differences corresponded to a 27.02% decrease 
in the PrL, a 23.08% decrease in the IL, a 31.49% decrease in the ACC and a 
23.42% decrease in the OFC for malnourished rats compared to controls. In 
contrast, there was no significant effect of prenatal malnutrition on metabolic 
activity in the SC or Pir (LSM test: p=0.74 and 0.89 respectively). 
2DG uptake during uSAT 
Results from a two-way ANOVA (Hemisphere [2 levels] X Region [16 
levels]) revealed no inter-hemispheric differences (Hemisphere: F(1,480)=1.037; 
p=0.3) and  no significant interactions of Hemisphere with Region 
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(F(15,480=0.118, p>0.999). Hence, data shown are the mean metabolic activity 
collapsed across hemisphere for each region. As shown in Figure 11, a two-way 
ANOVA (Nutrition [2 levels] X Region [16 levels]) revealed that the nutritional 
treatment had a significant main effect on 2DG uptake (F(1,224)=16.16, 
p<0.0001). There was also a main effect of Region (F(15,224)=63.21, p<0.0001 
and a significant interaction between Nutrition X Region (F(15,224)=2.406, 
p=0.003). Post-hoc multiple t-tests with statistical significance determined using 
the Sidak-Bonferroni method showed that PPM caused significant lower 2DG 
uptake levels in four regions of the PFC: the ACC (t(14)=3.564, p=0.003); the 
OFC (t(14)=3.694, p=0.002; the PrL (t(14)=4.265, p=0.0007); and the IL 
(t(14)=5.062, p=0.0001). There was no difference in 2DG uptake levels in the 
other regions. 
Stereology and Immunohistochemistry 
The results of stereological counts of total neuron numbers in the ACg-
mPFC region are shown in Figure 13A. A two-way ANOVA (Nutrition [2 levels] X 
Stress [2 levels]) for the total number of neurons revealed that there is no 
significant effect of Nutrition (F(1,24)=0.104, p=0.796), Stress (F(1,24)=0.8545, 
p=0.364), and no Interaction between Nutrition X Stress (F(1,24)=0.6996, 
p=0.411). The results from the ratio of parvalbumin-positive (Parv+) neurons to 
total neurons are shown in Figure 13B. A two-way ANOVA (Nutrition [2 levels] X 
Stress [2 levels]) for the Parv+/total neurons of neurons revealed that there is no 
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significant effect of Nutrition (F(1,24)=0.112, p=0.739), Stress (F(1,24)=0.011, 
p=0.916), and no Interaction between Nutrition X Stress (F(1,24)=2.315, 
p=0.141). The results from the ratio of c-Fos-positive (cFos+) neurons to total 
neurons are shown in Figure 13C. A two-way ANOVA (Nutrition [2 levels] X 
Stress [2 levels]) for the cFos+/total neurons of neurons revealed that there is a 
significant main effect of Nutrition (F(1,24)=6.037, p=0.021), a significant effect of 
Stress (F(1,24)=66.801, p<0.0001), and a significant Interaction between 
Nutrition X Stress (F(1,24)=4.355, p=0.047). To explore this interaction post-hoc 
Bonferroni’s multiple comparisons test were conducted and showed that in the 
stressed subjects there was a significant increase in the number of cFos+ 
neurons in 6/25 rats compared to the 25/25 rats (t(24)=3.229, p=0.007). There 
was no difference in cFos+ neurons between the unstressed subjects 
(t(24)=0.2605, p>0.999).  
The results from the ratio of double-labeled (cFos+/Parv+) neurons to total 
neurons are shown in Figure 13D. A two-way ANOVA (Nutrition [2 levels] X 
Stress [2 levels]) for the cFos+/Parv+ / total neurons of neurons revealed that 
there is a significant main effect of Nutrition (F(1,24)=10.355, p=0.003), a 
significant effect of Stress (F(1,24)=92.640, p<0.0001), and a significant 
Interaction between Nutrition X Stress (F(1,24)=11.471, p=0.002). Post-hoc 
Bonferroni’s multiple comparisons test revealed that in the stressed subjects 
there was a significant increase in the number of cFos+/Parv+ neurons in 6/25 
rats compared to the 25/25 rats (t(24)=4.694, p=0.0002). There was no 
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difference in cFos+/Parv+ neurons between the unstressed subjects from both 
nutritional groups (t(24)=0.118, p>0.999). 
 
Discussion 
Summary of Results 
 Results from this study show that PPM causes a decrease in 2DG uptake 
in four PFC regions, namely the ACC, the PrL, the IL, and OFC but does not 
affect activity levels in the Pir and SC compared to controls. The decrease in 
metabolic activation in these four subfields is also observed in PPM rats during 
execution of uSAT and this effect was only observed in the PFC and not in 
twelve other regions sampled, including the basal ganglia, medial dorsal thalamic 
nucleus and hippocampus. Furthermore, IHC studies show that exposure to 
restraint stress elicits an enhanced activation of inhibitory interneurons in the 
PFC of PPM rats, which could be dampening overall activity levels. 
The PPM-induced prefrontal hypoactivation reported here is consistent 
with findings in humans and animals with attentional deficits and has been linked 
to behaviors such as impulsivity and inability to inhibit a response. (Humans: 
Rubia et al., 1999; Cubillo et al., 2010; Rats: Barbelivien et al., 2001). Prefrontal 
dysfunction has been posted as a candidate mechanism contributing to attention 
deficits in neurological disorders such as schizophrenia and decreased frontal 
activation has been linked to lower performance in sustained attention tests 
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(Cohen et al., 1988). Interestingly, Pezze et al. (2014) recently reported that both 
prefrontal hypoactivation and prefrontal disinhibition (reduced GABAergic 
inhibition) cause attentional deficits in rats. These authors observed that by 
inducing prefrontal hypoactivation (using microinfusion of GABA-A receptor 
agonist muscimol into the mPFC of rats) both attention and response control 
scores were impaired. However, induction of prefrontal disinhibition (by 
microinfusion of GABA-A antagonist picrotoxin), also caused dose-dependent 
attention deficits, but response control was unaffected (Pezze et al., 2014). 
Hence, the deficits in attention and in prefrontal activity observed in PPM rats are 
in accordance with the behavioral deficits induced by prefrontal hypofunction 
described in Pezze’s study. 
Our results demonstrate the vulnerability of the PFC to the nutritional 
insult and no effect in twelve other regions sampled, at least by using 2DG as an 
activity marker. Other studies using fMRI to investigate the neural substrates 
related to different cognitive functions have shown decreased activation in 
frontal, cingulate, striatal, and cerebellar regions in resting state (Cao et al., 
2006; Castellanos et al., 2008; Zang et al., 2007), in frontal-striatal networks 
during tasks of motor inhibition and cognitive switching and in the parietal lobe 
during the Stop and Switch tasks (Cubillo et al., 2010). Whereas prefrontal 
abnormalities have been a regular finding in ADHD patients, there are some 
inconsistent results from fMRI studies in human studies (reviewed in Cubillo et 
al., 2011). Some of the inconsistencies could be explained by confounding 
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factors such as the use of stimulant medication by some subjects in the study 
(Bledsoe et al., 2009). Animal models can control such confounding factors and 
better elucidate the neural substrates of attentional deficits. Using a rodent model 
of ADHD, Barbelivien et al. (2001) used 2DG as a marker of neural activity to 
demonstrate hypofunction in the cingulate cortex and medial ventrolateral orbital 
cortices, regions that also showed lower activation in our PPM rats. Even though 
our study used slightly different references for some frontal ROIs, our findings 
are in general accordance with Barbelivien and colleagues’ in localizing the 
attentional dysfunction strictly to the PFC. 
Even though the 2DG method allowed identification of deficits in regional 
activation in the PFC network of PPM rats, one limitation of the technique is that 
it makes no distinction between excitatory and inhibitory cells. For this reason the 
double-labeling immunohistochemical techniques utilized here were crucial to 
show hyper activation of inhibitory interneurons in PPM rats, which could be 
diminishing the overall activity levels in the PFC network. Such a selective effect 
on inhibitory interneurons is congruent with previous observations in this model 
of PPM. Studies by Bronzino et al. (1991, 1997) showed evidence of a 
hyperactivation of GABAergic interneurons in the dentate gyrus of PPM rats 
leading to increased potentiation of inhibition.  
It is still not known, however, how PPM alters the excitability of inhibitory 
interneurons. An understanding of the mechanisms by which PPM can target and 
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activate GABAergic interneurons and decrease activation levels in the PFC may 
be of value in designing pharmacological approaches to manipulate this system.   
 
Conclusions 
 This study demonstrates that prenatal malnutrition decreases metabolic 
activity in prefrontal regions involved in attentional behaviors, including the ACC, 
the mPFC (PrL and IL) and the OFC, and shows the vulnerability of this circuit to 
the nutritional insult. Furthermore, this study extends our earlier report of 
increased c-Fos activation in response to stress in prenatally malnourished rats 
and showed that the decreased overall activity levels in the PFC is likely driven by 
a hyper excitability of GABAergic interneurons. Future studies will be aimed at 
understanding how PPM selectively affects the PFC network and, specifically, 
how the insult alters the excitability of inhibitory interneurons. An understanding 
of the mechanisms by which PPM can target and activate GABAergic 
interneurons and elicit a hypoactivation response may be of value in designing 
pharmacological approaches to manipulate this system.  
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TABLES AND FIGURES: 
 
Figure 7: 
 
 
 
 
 
Figure 7: ROIs including the ACC, PrL, IL, OFC and Pir were outlined according 
to Paxinos & Watson’s Atlas of the Rat Brain (Paxinos, 2007).The OFC included 
both Ventral and Lateral Orbital Cortices. The Superior Colliculus was also 
sampled but not shown here. Illustrative examples of 2DG uptake in prefrontal 
areas of (A) a control (25/25) rat and a prenatally malnourished (6/25) rat (B) rat. 
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Figure 8: 
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Figure 8: Graph depicts the mean (± SEM) 2DG uptake in the six ROIs: PrL, 
IL, ACC, OFC, Pir and SC of prenatally malnourished (6/25, n=5, white bars) 
and control (25/25, n=3, black bars) rats. Each bar represents the regional 
mean optical density normalized to adjacent white matter. Least square means 
tests comparing 2DG metabolic activity in brains of prenatally malnourished 
(6/25) vs control (25/25) rats show significant Nutrition Group differences on 
PrL, ACC, OFC (all p<0.001) and IL (p<0.01) but not SC or Pir (p=0.74 and 
0.89, respectively). 
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Figure 9: 
 
 
 
 
 
Figure 9: ROIs in the PFC included the OFC, ACC, PrL, IL, and Pir  and were 
outlined according to Paxinos & Watson’s Atlas of the Rat Brain (A&D; Paxinos, 
2007).The OFC included both Ventral and Lateral Orbital Cortices. Illustrative 
examples of 2DG uptake in prefrontal areas of (B&E) a control (25/25) rat and a 
(C&F) prenatally malnourished (6/25) rat. 
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Figure 10: 
 
 
 
 
Figure 10: Additional eleven ROIs across the brain were outlined according to 
Paxinos & Watson’s Atlas of the Rat Brain (Paxinos, 2007) and included (A) the 
cingulate cortex (Cing) and the basal ganglia (BG), (B) the anterior thalamic 
nucleus (Ant) and the primary sensory cortex (barrel field) (Sen), (C) the 
hippocampus (Hipp), the mediodorsal thalamic nucleus (MD), the reuniens 
thalamic nucleus (Reu), the habenula (Hab), (D) the mammillary bodies (MB), 
and (E) the retrosplenial cortex (RS) and the superior colliculus (SC). Illustrative 
examples of 2DG uptake in eleven ROIs (F-J) of a control (25/25) rat. 
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Figure 11: 
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Figure 11: Graph depicts the mean (± SEM) 2DG uptake in the sixteen ROIs 
of prenatally malnourished (6/25, n=8, white bars) and control (25/25, n=8, black 
bars) rats. Each bar represents the regional mean optical density normalized to 
adjacent white matter. PPM causes a significant decrease in metabolic in the PFC 
subregions involved in attention (ACC, OFC, PrL and IL), but not in other regions, 
including other frontal regions including the Pir and BG. 
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Figure 12: 
 
 
 
 
 
Figure 12: This illustrates the topographic boundaries of the ROI outlined to 
include the most anterior part of the cingulate and adjacent medial prefrontal 
cortex. The first section selected for stereology was before the cross of the 
corpus callosum (A) and included the sections caudal to it until the appearance of 
the anterior commissure. Stereological estimation was conducted using the 
optical fractionator method (West et al., 1991). For stereological analysis, the 
region of interest was outlined at 4X magnification as shown above, and counted 
using a 40X objective (B).  
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Figure 13: 
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Figure 13: Results show that PPM on the total number of neurons (A) or the 
number of parvalbumin positive neurons (B) in either stressed or unstressed 
subjects. Analysis showed there was significant increase in the number of c-Fos 
positive neurons (C) in PPM rats compared to controls in the stress condition. (D) 
The number of double-labeled neurons was significantly increased by stress in 
both nutritional groups, but within the stressed condition, there was significantly 
greater number of double-labeled neurons in the PPM rats compared to the 
controls. Each bar depicts the group mean (± SEM). In graphs B,C and D the y-
axis is the ratio of labeled cells to total number of neurons (see Table 2 for 
absolute numbers).  
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Figure 14: 
 
 
 
 
 
Figure 14: Thionin stained images of a 6/25 (A) rat and a 25/25 (I) rat. Overall 
immunohistochemical images of a 6/25 (B) rat and a 25/25 (J) rat. On 
subsequent images (C-H) arrows indicate Parvalbumin positive neurons (C and 
F), c-Fos positive neurons (D and G) and double-labeled neurons (E and H) for a 
6/25 and a 25/25 rat respectively. For illustrative purposes, a stressed animal 
from each group was selected for imaging. Scale bar is 50µm. 
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Table 4: 
 
 
 
Table 4: Estimated total number of neurons, parvalbumin (Parv+), c-Fos (cFos+), 
and double labeled (Parv+/cFos+) neurons.  
 
 
 
 
  
Subject Total neuronal number CE Parvalbumin CE c-Fos
A 288589 0.08 52839 0.06 41873
C 399052 0.07 63629 0.06 46885
E 384544 0.07 36899 0.08 42662
G 300576 0.07 31080 0.07 30309
I 357581 0.07 36068 0.08 36862
K 493311 0.07 32407 0.09 39406
M 380132 0.07 47768 0.08 35578
Mean 371969 42956 39082
CV 0.18 0.28 0.14
B 381008 0.07 27100 0.1 28748
D 458386 0.07 29673 0.09 19508
F 424334 0.07 57483 0.06 20897
H 447213 0.07 50693 0.07 38466
J 458823 0.06 30465 0.09 32532
N 288990 0.08 36391 0.08 31249
P 390641 0.07 33482 0.07 30374
Mean 407057 37898 28825
CV 0.15 0.31 0.23
Q 324042 0.08 31848 0.09 5927
S 435157 0.07 30195 0.09 8599
U 255912 0.08 36757 0.08 12474
V 402000 0.07 46004 0.08 10678
X 449167 0.07 39335 0.08 7110
Z 326838 0.07 27168 0.09 12790
X 467475 0.06 33696 0.09 24222
DD 293863 0.08 33260 0.09 4855
Mean 369307 34782 10831
CV 0.21 0.17 0.58
R 372058 0.07 39824 0.09 2068
T 309735 0.08 29933 0.1 4552
Y 306866 0.07 38152 0.09 17050
AA 223831 0.09 43413 0.08 11822
CC 546056 0.07 38483 0.09 3534
EE 364035 0.08 31893 0.09 9306
Mean 353764 36950 8055
CV 0.31 0.14 0.71 0.93
0.09 238 0.22
89
0.09 91 0.34
0.14 21 0.7
0.12 30 0.58
0.08 121 0.31
25/25 Unstressed
0.18 35 0.58
102
1.46
0.07 462 0.16
0.12 0 0
0.12 52 0.45
0.08 105 0.32
0.09 64 0.41
0.08 75 0.41
0.12 23 0.58
0.09 36 0.58
0.32
6/25 Unstressed
0.11 578 0.13
531
0.07 586 0.13
0.08 588 0.13
0.09 216 0.21
0.07 638 0.12
0.09 722 0.13
0.09 390 0.15
0.16
25/25 Stressed
0.07 821 0.11
903
0.07 739 0.11
0.07 980 0.1
0.06 1026 0.1
0.07 728 0.11
0.06 1082 0.09
0.06 946 0.11
CE Double Labeling CE
6/25 Stressed
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EFFECT OF PRENATAL PROTEIN MALNUTRITION IN GENE EXPRESSION 
LEVELS OF KCNJ3 AND 2DG ACTIVITY IN RAT PREFRONTAL 
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ABSTRACT:   
Prenatal protein malnutrition (PPM) in rats causes enduring changes in brain and 
behavior including increased cognitive rigidity and decreased inhibitory control. A 
preliminary gene microarray screen of PPM rat prefrontal cortex (PFC) identified 
alterations in KCNJ3 (GIRK1/Kir3.1), a gene important for regulating neuronal 
excitability. Follow-up with polymerase chain reaction and Western blot showed 
decreased KCNJ3 expression in PFC, but not hippocampus or brainstem. To 
verify localization of the effect to the PFC, baseline regional brain activity was 
assessed with 14C-2-deoxyglucose. Results showed decreased activation in PFC 
but not hippocampus. Together these findings point to the unique vulnerability of 
the PFC to the nutritional insult during early brain development, with enduring 
effects in adulthood on KCNJ3 expression and baseline metabolic activity.  
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INTRODUCTION 
There is strong evidence that exposure to perinatal malnutrition in humans 
is linked to cognitive impairment and to behavioral and neuropsychiatric 
disorders later in life, including an increased prevalence of attention deficits, 
antisocial personality disorders, and schizophrenia (Susser et al.,1996; St Clair et 
al., 2005; Galler et al., 2012; Galler et al., 2013; Susser and St Clair, 2013). 
Studies in a rat model of prenatal protein malnutrition (PPM) have shown 
behavioral, anatomical, morphological and neurophysiological deficits in the adult 
rat, even after postnatal nutritional rehabilitation (Tonkiss and Galler, 1990; 
Galler et al., 1996; Morgane et al., 2003). In the hippocampus, PPM leads to 
neurophysiological and neuroanatomical changes that increase neuronal 
inhibition (Chang et al., 2003; Lister et al., 2011). In the prefrontal cortex (PFC), 
PPM leads to alterations in neurotransmitter release (Mokler et al., 2007) and in 
immediate early gene activation in response to stress (Rosene et al., 2004). 
Behaviorally, PPM rats have decreased inhibitory control and are more 
cognitively rigid, two behavioral domains that critically depend on PFC circuitry 
(McGaughy et al., 2014). 
 While these long lasting behavioral and neurological deficits have been well 
documented, little is known about how molecular mechanisms are affected by 
PPM. To screen for genes that might be altered by PPM, we used a high-density 
microchip microarray (Galler et al., unpublished results) to compare gene 
expression in adult rats that had undergone PPM and were challenged with 
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restraint stress to well-nourished controls. This screen identified numerous genes 
that were up- or down-regulated in the PFC following PPM. (See Table 5 for the 
genes with highest change). Of these, based on its robust level of change and 
potential functional importance for inhibitory processes, the gene KCNJ3 was 
selected for follow-up investigation. KCNJ3 is an inwardly-rectifying potassium 
channel, subfamily J, member 3, also known as GIRK1 and Kir3.1. It belongs to a 
G protein-gated inwardly rectifying potassium (GIRK) channel family that plays 
an important role in controlling neuronal excitability by hyperpolarizing the 
membrane and generating slow post synaptic inhibitory potentials (Hibino et al., 
2010). GIRK channels are formed by differential multimerization among the four 
subunits expressed in mammals (GIRK1-GIRK4), of which only the first three are 
commonly expressed in the brain (Lusher and Slesinger, 2010). GIRK loss-of-
function can lead to excessive neuronal excitation, such as in epilepsy (D’Adamo 
et al., 2013), whereas gain-of-function can substantially reduce neuronal activity, 
such as when GIRK2 is triplicated in a mouse model of Down syndrome (Best et 
al., 2007). In humans, alterations in expression levels in KCNJ3 gene have been 
linked to schizophrenia (Yamada et al., 2011, 2012), epilepsy (Chioza et al., 
2002; Lucarini et al., 2007), developmental delays and language impairment 
(Newbury et al., 2009), and mental retardation in children (Poot et al., 2010).  
  This study investigated the effect of PPM on KCNJ3 using quantitative 
polymerase reaction to quantify the gene expression change and Western blot 
analysis to verify effects on protein levels. To localize the effect of prenatal 
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malnutrition on brain function, 2-deoxyglucose (2DG) was used as a measure of 
resting state neuronal activity.  
 
EXPERIMENTAL PROCEDURES 	  
Subjects and Nutritional Treatment: Subjects were male Long-Evan rats derived 
from two breedings (designated A and B). Adult male and females rats were 
obtained from Charles River, Wilmington, MA. Nutritional manipulation followed 
previously published methods (Tonkiss and Galler, 1990). In brief, and as 
summarized in Figure 15, five weeks prior to mating, nulliparous females were 
randomized into two groups and placed on one of two isocaloric diets: an 
adequate protein diet (25% casein) or a low protein diet (6% casein) 
supplemented by l-methionine (Teklad Laboratories, Madison, WI).  Females 
were mated with males that had been acclimated to these respective diets for 
one week prior to mating. Dams were maintained on the respective diets 
throughout pregnancy. Following parturition, litters from both nutritional groups 
were culled to eight pups (2 females and 6 males) and fostered within 24 hrs of 
birth as whole litters to dams that had received the 25% casein diet and had 
given birth within the same 24 hr period. This effectively institutes nutritional 
rehabilitation for the pups from mothers on the 6% casein diet. For all 
experiments we used only one pup from each litter to avoid litter effects. Thus, 
the “n” in each experiment represents both the number of subjects and litters.  
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 Pups born to mothers on the 6% casein diet and fostered to mothers on 25% 
casein are designated the 6/25 group, while pups born to mothers on a 25% 
casein diet are designated as the 25/25 group. At day 21, all rats were weaned 
and placed on a standard laboratory chow diet (Purina Mills Inc., Richmond, IN; 
Formula 5001). The animal quarters were maintained at a temperature of 23°C (± 
2°) and at 35-65% humidity on a reverse 12h day/night (8:00-20:00 dark) cycle 
with red fluorescent lighting during the dark portion providing dim illumination. All 
procedures were approved by the University of New England Institutional Animal 
Care and Use Committee (20101005MOK) in accordance with guidelines 
outlined in the NIH Guide for the Care and Use of Laboratory Animals and the 
Society for Neuroscience Policies on the Use of Animals and Humans in 
Neuroscience Research. 
 
Euthanasia and Sample Preparation - Fresh Tissue: For tissue harvest of 
fresh brain samples, animals were deeply anesthetized with CO2 followed by 
decapitation. The brains were rapidly removed from the skull and placed on a 
chilled glass plate.  The olfactory bulbs were removed and the hemispheres 
separated along the median longitudinal fissure and divided into four pieces 
each: PFC, hippocampus, brain stem/basal ganglia and remaining cortex. The 
PFC block was dissected coronally just anterior to the corpus callosum and 
included anterior cingulate, medial and orbital prefrontal cortex and the frontal 
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pole cortex along with some of the head of the caudate. The hippocampus was 
dissected by cutting the fornix rostrally at the septum and then “unrolling” and 
separating it as a single piece from the adjacent corpus callosum (dorsal 
hippocampus) and entorhinal cortices (ventral hippocampus). The basal ganglia 
and brainstem were then separated from the remaining cortex as one piece. 
Dissected pieces were immediately frozen on dry-ice and stored at –80°C until 
processed. 
 
Quantitative real-time polymerase chain reaction (q-PCR): To test the effect 
of nutrition on KCNJ3 expression, RNA from the PFC of 25/25 and 6/25 rats (left 
hemisphere) was isolated with the RNeasy Lipid Tissue Kit (Qiagen, Valencia, 
CA, USA) following manufacturer’s instructions. On column digestion was 
performed to remove traces of contaminating genomic DNA. cDNA was 
generated using Superscript II Reverse Transcriptase Kit (Qiagen, Valencia, CA, 
USA) and random hexamer primers. For KCNJ3 q-PCR, cDNA was amplified in a 
total reaction volume of 20 µl using a SYBR green master mix with 1 µl of 
forward and 1 µl of reverse primers and 1 µl of the cDNA sample (dilution 1:10). 
The following specific primers for KCNJ3 were used: forward (5'-3'): 
CGAGACCCTCATGTTTAGCGA; reverse (5'-3'): ATTTGAGCAGCTTGCAGCG. 
Triplicates of each sample were measured and analyzed on an ABI 7500 
sequencer (Applied Biosystems, Foster City, CA, USA) using standard 
amplification conditions set by the manufacturer. Data from q-PCR was analyzed 
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using the comparative 2-ΔΔC(T) method (Livak and Smitten, 2001). Hprt and 18s 
were used as normalization controls. The following primers were used: Hprt: 
forward (5'-3'): GTTCTTTGCTGACCTGCTGGA; reverse (5'-3'): 
TCCCCCGTTGACTGATCATT and 18s: forward (5'-3'): 
CATGGCCGTTCTTAGTTGGT; reverse (5'-3'): GAACGCCACTTGTCCCTCTA. 
The mRNA levels of the 6/25 rats were expressed as percentage of the mean 
value of the 25/25 control group. Q-PCR products were controlled by SYBR-
Green-based melting curve analysis followed by gel electrophoresis and Sanger 
sequencing to verify specificity of amplification.  
 
Quantitative Western Blot: Protein lysates were obtained by tissue 
homogenization in RIPA buffer of the PFC from the right hemisphere of the same 
animals used in the q-PCR study. Protein concentration was determined 
according to manufacturer’s instructions using the BCA Protein Assay Reagent 
Kit (Pierce, Rockford, IL, USA). Equal amounts of protein (100 µg) were 
denatured in Laemmli buffer at 100˚C for 10 min and separated by 
electrophoresis on 4-15% gradient gel followed by transfer to a PVDF membrane 
(Immobilon-P, Millipore, Billerica, MA, USA). The membranes were blocked with 
5% blotting-grade blocker (Bio-Rad, Hercules, CA, USA) in Tris buffered saline 
containing 0.1% Tween-20 (T-S-T) at 4˚C overnight and incubated for 1 hour at 
room temperature with the following antibodies: rabbit anti-KCNJ3 (1:1000, 
Novus Biologicals, Littleton, CO, USA Cat# NBP1-19393) and mouse anti-ß-
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tubulin III (1:2500, Covance, Princeton, NJ, USA Cat# MMS-435P) as a loading 
control. After washing in T-S-T, membranes were incubated for 1 hour with HRP-
conjugated secondary antibodies (1:20000 goat anti-rabbit for KCNJ3 or 1:5000 
goat anti-mouse for ß-tubulin III). Blots were developed by chemiluminescence 
using Super Signal West Dura Chemiluminescent Substrate (Thermo Scientific, 
Rockford, IL, USA). Imaging and quantification were done by band densitometry 
using Versa Doc Imaging System in conjunction with the Quantity One software 
(Bio-Rad). Optical densities for KCNJ3 proteins were normalized by the optical 
densities for the loading control ß-tubulin III. 
 
Euthanasia and Sample Preparation - Metabolic Mapping with 14C-2-
deoxyglucose (2DG): To evaluate baseline brain activity, littermates of rats 
included in the molecular experiments (Breeding A) were injected with the 
metabolic activity marker 2DG (100µCi/Kg i.p.; specific activity=390mCi/mmol; 
VWR/GE Healthsource, Radnor, PA). After 45 minutes in their home cage, 
animals were deeply anesthetized (pentobarbital; 65 mg/kg) and perfused 
through the heart with 250 ml of fixative (2% paraformaldehyde and 15% 
sucrose in 0.1M phosphate buffer, pH 7.4) for 5 minutes. The brains were 
removed, coated with albumin, frozen at -30°C in 2-methylbutane and stored at -
80°C. Brains were later cut into 20µm thick coronal sections and one out of 
every five sections was mounted on subbed cover slips and rapidly dried. 
Sections were batch-processed by affixing them to Bristol board, and apposing 
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them to high-resolution X-ray film (Structurix, Agfa, Belgium) with 14C 
microscales (Amersham, Piscataway, NJ). Sections were exposed at -80°C for 
10 days. Films were then developed, fixed, and digitized as previously 
described (Rushmore et al., 2006). Uptake of 2DG was assessed 
densitometrically in the PFC and hippocampus, and values were normalized to 
white matter (Sharp et al., 1983). The sampling regions were chosen to 
correspond to the PFC and hippocampal samples used in the molecular 
studies. 
 
Data Analysis:  All comparisons were done using standard parametric statistical 
methods with the significance set at p ≤ 0.05. Subjects used in each experiment 
were unrelated as one rat per litter was randomly selected for each procedure as 
described above. 
 
RESULTS 	  
Body weight: The use of this model has consistently shown deficits in body 
weight at birth in the 6/25 group compared to controls. By weaning the weight 
deficit has declined but remains significant but, by the time the rats reach 
adulthood (>P90), the 6/25 rats catch up with the 25/25 and their weights are 
similar. (Galler and Tonkiss, 1998; Fischer et al, unpublished data). A student’s t-
test comparing the body weight of all subjects in breeding B (n=8 25/25, n=8 
6/25) at the time of tissue harvest shows that there is no difference between the 
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two nutritional groups (t(14)=0.216, p=0.832). The average weight on PND230 
for 6/25 subjects was 536.7 ± 10.11 g (mean ± SEM) while 25/25 subjects 
weighed an average of 540.0 ± 11.6 g. 
 
Q-PCR for KCNJ3 Gene Expression: In a cohort of 8 adult males (n=5 25/25, 
n=3 6/25; Breeding A), results revealed a significant down-regulation of KCNJ3 in 
the 6/25 rats relative to 25/25 controls (two-tailed t-test t (6)=2.69, p=0.03; Fig. 
2A). A second cohort of 16 subjects (n=8 25/25, n=8 6/25; Breeding B) was used 
to replicate mRNA levels of KCNJ3. As observed in Breeding A, KCNJ3 mRNA in 
the PFC was significantly down-regulated in the 6/25 rats compared to 25/25, 
confirming the effect of PPM on this gene (two-tailed t-test t (13)=2.58, p=0.02; 
Fig. 2B). 
 To investigate whether the down-regulation of KCNJ3 secondary to PPM was 
generalized in the brain or specific to the PFC, q-PCR was performed in tissue 
samples of hippocampus and of brain stem/basal ganglia in the same Breeding A 
subjects as the PFC. As shown in Figure 16C&D, KCNJ3 mRNA levels were not 
markedly altered in these regions (two-tailed t-test t(6)=1.13; p=0.30 in the 
hippocampus and t(6)=0.23; p=0.82 in the brain stem/basal ganglia).  
Western Blot for Protein Levels: To determine if the changes in gene 
expression resulted in altered protein levels of KCNJ3, we used the PFC 
samples (right hemispheres) of the same animals used for q-PCR (Breeding A) 
for Western blot analysis. As shown in Figure 16E&G, consistent with the q-PCR 
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results, Western blot confirmed that protein levels of KCNJ3 were significantly 
decreased in 6/25 rats (two-tailed t-test t(6)=3.08; p=0.02). This confirmed that 
KCNJ3 gene expression leads to similar changes in protein.  
 
Assessment of Metabolic Activity with 2-deoxyglucose (2DG): Ten naive 
adult rats (n=5 25/25, n=5 6/25; Breeding A) were injected with 2DG. Of the 10 
subjects, 2 rats in the 25/25 group did not exhibit a radioactive brain signal and 
were excluded from the analysis, leaving 3 subjects in this group. A two-way 
ANOVA (Hemisphere [2 levels] X Region [2 levels]) revealed no inter-hemispheric 
difference (F(1,24)=7.32e-005; p=0.993), no significant interaction between 
hemisphere and region (F(3,24)=0.017; p=0.996), but a significant overall effect of 
region (F(3,24)=17.29; p<0.0001). Hence, data were collapsed across 
hemispheres for each region for a two-way ANOVA (Nutrition [2 levels] X Region 
[2 levels]). Results showed no overall effect of nutrition (F(1,12)=1.524; p=0.240), 
but there was a significant interaction between nutrition and region 
(F(1,12)=10.02; p=0.008) as well as an overall effect of region (F(1,12)=20.47; 
p=0.0007) and. We then ran post-hoc comparisons to determine which region 
differed between the two nutrition groups. Results revealed a significant 
decrease in 2DG uptake in the PFC in the 6/25 group (two-tailed t-test 
t(6)=2.687; p=0.036) (Figure 17B&C), but no change in the hippocampus (two-
tailed t-test: t(6)=1.681; p=0.143) (Figure 17F&G). Data graphed are the mean 
metabolic activity collapsed across hemisphere for each region (Figure 17D&H).  
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DISCUSSION 
Summary of Results: In order to explore the molecular basis of observed 
alterations in a variety of inhibitory processes affected by PPM, changes in the 
KCNJ3 gene were investigated.  Quantitative PCR confirmed that this gene was 
down regulated in the PFC but was unchanged in the hippocampus and 
brainstem. Western blot showed corresponding decreases in the protein levels of 
KCNJ3 only in the PFC. To determine if this affected brain function, metabolic 
activation patterns were explored using 2DG imaging and showed reduced 
metabolic activity in the PFC but not in the hippocampus, suggesting that the 
down regulation of KCNJ3 in the PFC may be associated with decreases in 
functional activity.  The current study, however, does not show a causal 
relationship between the observed down regulation of KCNJ3 and lower 
metabolic activity in the PFC of PPM rats. Overall, these results provide further 
evidence that PPM leads to alterations in neuronal wiring that persists into 
adulthood and may be part of the neural substrates of altered processes in the 
PFC.  
 
KCNJ3, Behavior and Disease: KCNJ3 regulates membrane excitability and 
plays a role in synaptic plasticity and behavior (Luscher and Slesinger, 2010). In 
humans, the gene has been linked to several neurological diseases defined by 
imbalance in excitatory and inhibitory signalling, including epilepsy, Down 
syndrome and schizophrenia. The direct impact of KCNJ3 on behavior has been 
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evaluated by transgenic ablation of specific GIRK subunits in mice (Pravetoni 
and Wickman, 2008). KCNJ3 knockout (GIRK1-/-) mice showed several 
behavioral differences from the wild type (wt) mice, including elevated motor 
activity and delayed habituation in the open field test. Furthermore, GIRK1-/- mice 
showed reduced anxiety-related behavior in the elevated plus maze compared to 
the wt mice. In rats, KCNJ3 subunit knockdown (using antisense 
oligodeoxyribonucleotides injections) produced associative learning impairments 
(Kourrich et al., 2003). Interestingly, our previous studies using PPM rats, have 
reported lower anxiety and/ or higher impulsivity on the elevated plus maze as 
compared with well-nourished control rats (Almeida et al., 1996).  
 It is important to consider that KCNJ3 subunits alone do not form functional 
homomeric GIRK channels but need to dimerize with other subunits, usually 
KCNJ6 (GIRK2), to form functional channels (reviewed in Wickman et al., 2002). 
Moreover, even when KCNJ3 is completely ablated, KCNJ6 can still form 
homomer GIRK channels (Lujan et al, 2014). Thus, even though PPM rats show 
some behavioral deficits similar to KCNJ3 knockout rats, namely lower anxiety 
and higher impulsivity, PPM rats only present a decrease in KCNJ3 mRNA and 
protein. However, we do not exclude the possibility that this reduction is part of a 
network of alterations produced by PPM and hence other changes might 
contribute to the behavioral deficits. Future studies are needed to determine how 
the behavioral phenotype in PPM is specifically related to the down-regulation of 
KCNJ3.  Such studies would also need to examine the constellation of genes that 
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showed highest changes in the microarray study such as Snap91, Plagl1 and 
Homer1 (Table 5), which are pertinent to synaptic activity.  
 Published studies of the effects of prenatal malnutrition have identified other 
genes of interest.  Among them, Reelin is reduced in the brains of adult rats 
whose mothers had diets deficient in methyl donors during pregnancy 
(Konycheva et al, 2011). In humans, IGF2 is hypomethylated in adult offspring of 
mothers that were pregnant during the Dutch Hunger Winter of 1944-1945 
(Heijmans et al, 2008).  The exact mechanisms by which malnutrition affects the 
offspring are still not understood, but there is strong evidence that maternal 
nutrition can have long-lasting effect on gene expression, phenotype, and 
neurological diseases via epigenetic changes that alter chromatin structure and 
gene expression, such as histone modifications and DNA methylation (Kirkbride 
et al, 2012). DNA methylation, in particular, because of its direct link to 
metabolism, will be of particular interest for future studies in our PPM model.    
 
Decreased metabolic activity in the PFC: Metabolic labelling with 2DG is a 
sensitive index of neural activity and has been previously used to show 
alterations in PFC activity in a rat model of attention deficit hyperactivity disorder 
(ADHD; Barbelivien et al., 2001). In our group, we have recently reported that 
PPM rats display cognitive rigidity in tests of attentional set shifting and reversal 
learning. Same-sex littermates had decreased 2DG uptake in PFC regions 
critical to these forms of cognitive control (McGaughy et al., 2014).  These data 
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support the hypothesis that PPM may selectively diminish activity in the PFC, 
which then leads to impairments in executive function. The neuroanatomical 
basis of this hypofunction in the PFC is unclear. It is generally accepted that the 
2DG signal predominantly reflects synaptic activity at the axonal terminals of 
neuronal pathways (Kadekaro et al., 1985). As a result, the decrease in activity in 
PPM rats could be due to a widespread alteration in PFC connectivity and 
function, or it could be a result of changes in specific inputs to or within the PFC. 
Since 2DG labelling makes no distinction between excitatory or inhibitory 
synapses, the observed decrease in activity could also reflect a population-
specific dysfunction in cellular activation in the PFC, with either excitatory or 
inhibitory populations being more vulnerable to PPM.  
 However, in previous studies in this model, we observed alterations in a 
variety of inhibitory processes due to PPM, leading us to hypothesize that the 
inhibitory cells are functionally more affected by the malnutrition insult. It remains 
to be seen whether the down-regulation of KCNJ3 is linked to the dampening of 
metabolic activity in the PFC of PPM rats but, if the observed decrease in KCNJ3 
occurred mainly on GABAergic interneurons, it would increase their excitability 
and hence increase inhibitory tone in the PFC, perhaps leading to net lower 
baseline activity in PFC. Such a selective effect on inhibitory interneurons and 
processes is congruent with a number of observations in this model of PPM. For 
example, electrophysiological studies in the hippocampus showed evidence of 
enhanced inhibition in granule cells of the dentate gyrus (Bronzino et al.; 1991, 
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1997). In these studies the authors reported a hyperactivation of GABAergic 
inhibitory interneurons in the dentate gyrus leading to a greater potentiation of 
inhibition in PPM rats. Future studies using cFos as a marker for activation and 
double labelling with cell type specific markers could test this hypothesis.  
 Decreased frontal lobe activation is also observed in human studies in 
children and adults with ADHD (Rubia et al., 1999; Cubillo et al., 2010) and in 
patients with schizophrenia (Mueser and McGurk, 2004). The mechanism of 
these decreases is not well understood, but they have been posited to have early 
life onset, possibly during the prenatal period (ADHD: Ottoboni and Ottoboni, 
2003; Schizophrenia: Räikkönen, 2012). Regardless of mechanism, these 
observations suggest a unique vulnerability of the PFC to prenatal insults such 
as malnutrition. 
 The questions of when these changes occur and whether there are sex 
differences are also open. In a developmental study, Fernandez-Alacid et al 
(2011) reported that GIRK subunits, including KCNJ3, are already highly 
expressed in the rat brain at birth (P0), and progressively increase postnatally, 
suggesting that the gene dysregulation found here was likely established in the 
prenatal period and continued into adulthood. In this model of PPM, however, it is 
not known if the deficits observed here are already present at birth (P0) or if they 
develop postnatally. Also, while our current study only included male subjects, 
sex differences in behavior have previously been reported in this model (Almeida 
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et al, 1996; Tonkiss et al, 1998). Thus, investigating these effects in females will 
be important in future studies. 
 
Conclusions: This investigation reports on the down regulation of the 
expression of KCNJ3 mRNA and protein in the PFC of adult rats that were 
exposed to PPM and nutritionally rehabilitated from birth onwards. In parallel, we 
also report a decrease in baseline PFC activity in the adult littermates from the 
KCNJ3 study, though specific causality remains to be determined. Considering 
implications of our findings in PPM rats for humans, evidence shows that the 
offspring from the Dutch Hunger Winter and from the Chinese Famine have 
higher risk for schizophrenia in adulthood (Susser et al., 1996; St. Clair et al., 
2005; Xu et al., 2009).There is also strong evidence linking schizophrenia to 
downregulation of KCNJ3 in the PFC (Yamada et al., 2011, 2012) and to reduced 
activation in the PFC (Mueser and McGurk, 2004). Observations reported here of 
reductions of both KCNJ3 levels and 2DG activity in the PFC support the 
hypothesis that the PFC is particularly vulnerable to this nutritional insult and 
might be linked to neuropsychiatric diseases observed in humans subjected to 
malnutrition in utero. 
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TABLES AND FIGURES: 
Table 5: mRNA species significantly downregulated (left) or upregulated 
(right) by behavioral stress in the PFC of rats: influence of PPM. 
 
Results obtained from a high-density microchip array (Genome 230A, Affymetrix, Inc., Santa 
Clara, CA). Subjects in this study were Sprague Dawley male rats age P350 (n=16, n=8 25/25, 
n=8 6/25) bred and nourished according to the same PPM model described here (Tonkiss and 
Galler, 1990). Behavioral challenge was conducted as described in Rosene et al. (2004). 
 
Table 5: mRNA species significantly repressed (left) or induced (right) by 
behavioral stress in the PFC of rats: influence of PPM.   
Genes were selected on the significant alteration after stress. Statistically 
significant changes were assessed by ANOVA analysis and examination of false 
discovery rate.  
 
 
 
 
 
 
 
 
Gene Fold change (down) Gene Fold change (up)
KCNJ3 -5.8 Plagl1 1.9
Snap91 -1.7 Mta1 1.5
RTIAw2 -1.7 Homer1 1.4
Rnpt4 -1.5 Par3 1.3
Pap3 -1.5 Rasd1 1.3
Vti -1.4 Scg2 1.3
Opr1 -1.4 Unc13h3 1.3
Birc4 -1.4
Ptpze -1.4
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Figure 15: Experimental timeline of rat model of prenatal protein 
malnutrition. 
 
 
Figure 15: Experimental timeline of rat model of prenatal protein 
malnutrition.  
This model was designed to assure that the malnutrition insult was restricted to 
the prenatal period. All pups were cross-fostered to lactating dams given the 25% 
protein diet prior to mating and throughout pregnancy. Pups born to dams 
provided the 6% protein diet and fostered to dams given the 25% protein diet 
were designated “6/25” (prenatally malnourished) rats. And pups born from and 
fostered to dams given the 25% protein diet were designated “25/25” (well-
nourished) controls. 
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Figure 16: PPM causes down-regulation of KCNJ3 in the PFC. 
 
Figure 16: PPM causes down-regulation of KCNJ3 in the PFC. 
 (A&B): KCNJ3 is significantly down-regulated in the PFC of 6/25 subjects (white 
bars) from two breedings as compared to 25/25 subjects (black bars). In contrast 
KCNJ3 expression was unchanged in the (C) hippocampus (p=0.30) and (D) 
brain stem/basal ganglia (p=0.82) of the same breeding. (E) KCNJ3 protein 
levels were significantly lower in 6/25 rat PFC compared to controls, consistent 
with mRNA levels in the same region. (F) Optical density (OD) for the loading 
control β-tubullin III was equivalent in the two nutritional groups. (G) 
Representative Western blots standardized against Beta-tubulin III as loading 
control. The first three lanes in the blots are representative of 6/25 animals (M1-
M3) and the following five lanes of control animals (C1-C5). Cts and ODs are 
shown as percentage of 25/25 group. *p values shown by each graph when 
significant (two-tailed t-test). Data presented as Mean +/- SEM. 
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Prenatal protein malnutrition (PPM) followed by nutritional rehabilitation in 
rats results in changes in the brain and behavior that endure through adulthood. 
Early studies investigated the vulnerability of the hippocampus to nutritional insult 
due to the structure’s known importance in learning and memory and based on 
reports of learning disabilities and poorer academic performance in children with 
a history of early malnutrition. Effects on the hippocampus were observed at 
anatomical, physiological, and functional levels and are permanent, affecting 
different aspects of behavior beyond learning and memory. Noticeably, animals 
and humans subjected to prenatal malnutrition show permanent deficits of 
attention across their life span, suggesting effects on a broader network including 
the prefrontal cortex (PFC). The studies in this thesis investigate anatomical, 
functional, and molecular alterations in specific loci of the parahippocampal 
cortices (PHR) and the PFC and demonstrate multifaceted impacts of PPM in the 
rat brain. 
Summary of Results and Conclusions 
• There is no effect on the number of neurons the PFC but there 
is a significant decrease in the number of neurons in some parts of the 
PHR while other parts are spared. Specifically, there is a significant 
reduction in neuron numbers in the PrS and Medial Entorhinal Cortex but 
no changes in the PoS, PaS, Pr/PaS-D, or Lateral Entorhinal Cortex.  
Previous studies in these same rats demonstrated that PPM causes a 
significant reduction in the neuronal population at of the hippocampal CA1 
	  	  
137 
subfield. The present results demonstrate similar reductions in neuron numbers 
parts of the PHR that are heavily interconnected with CA1. However, considering 
that the different subfields of the PHR share many of the same connections, the 
selectivity of the effect on neuron numbers to a few specific parts of the MEC is 
somewhat surprising, particularly the lack of effect on LEC. Interestingly, the EC 
has historically been subdivided based on two different criteria: architecture or 
connectivity. Brodmann (1909) identified area 28, the Entorhinal Cortex (EC) 
based on cytoarchitectonic criteria and subdivided it into a lateral part labeled 
28a and a medial area labeled 28b. On the other hand, Cajal (1911) and Lorente 
de Nó (1933) used connectionally based criteria to subdivide the EC into the LEC 
and MEC. These areas roughly correspond to the description of Brodmann’s 
areas 28a and 28b, respectively. An adjacent region labeled area 27 and named 
the Presubiculum (PrS) is of interest as its efferent projections are restricted to 
the MEC. The observation of selective reduction in PPM rats of neuron numbers 
in the PrS and MEC as well as CA1 in the hippocampus suggests alteration of a 
highly ordered processing of information into the hippocampus. The functional 
significance of this organization and the mechanism by which PPM altered these 
circuits has yet to be established. Nor is it clear why there are no effects on 
neuron number in the PFC despite 2DG evidence of reduced activation and 
behavioral evidence of PFC impairment.  
Overall, results from these stereological studies show further evidence of 
the highly selective feature of the cytoarchitectural abnormalities induced by 
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PPM. Furthermore, the lack of impact on performance of PPM rats in the Morris 
water maze suggests that spatial navigation is not solely reliant on the number of 
neurons within the circuit.  
Future studies should include the two components of the PHR that were 
not included in this study, namely the perirhinal (PER) and the postrhinal cortices 
(POR). Even though the precise contribution of each region remains unclear, it 
has been suggested that the POR may have a role in monitoring novelty in the 
spatial environment while the PER seems to encoding features of the 
environment (Furtak et al., 2007). Also, the POR is densely interconnected with 
the MEC, particularly with the dorsocaudal region where the grid cells are located 
and also has direct connections with CA1 subfield. Alternatively, projections from 
the PER terminate on the LEC. Based on this knowledge and on our results, it 
would be expected to find an extended effect of PPM on the number of POR 
neurons. 
• Baseline brain activation, assessed by 2DG uptake, is 
significantly reduced in four PFC subregions of PPM rats (ACC, OFC, PrL 
and IL) compared to control rats. The vulnerability of the PFC to the 
malnutrition insult was further evidenced in 2DG analysis of an extended 
network of ten additional brain regions, which showed no alteration due to 
PPM (e.g. piriform cortex, basal ganglia, hippocampus, mediodorsal 
thalamic nucleus, superior colliculus, and others). These results provide 
further evidence of the vulnerability of the PFC to the nutritional insult and 
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suggest that this reduced activation may contribute to the poor sustained 
attention and cognitive rigidity seen in PPM rats. 
The reduced activation in frontal regions of PPM rats is consistent with 
findings in humans and animals with attentional deficits and has been linked to 
behaviors such as impulsivity and inability to inhibit a response. Even though the 
2DG method allowed identification of deficits in regional activation in the PFC 
network of PPM rats, one limitation of the technique is that it makes no distinction 
between excitatory and inhibitory cells. Complementary immunohistochemical 
studies using a marker of neuronal activation (c-Fos) in conjunction with a marker 
of GABAergic cell type (Parvalbumin) were used to assess the role of inhibitory 
interneurons in the reduced activation of the PFC of PPM rats.    
• PPM does not affect the total number of c-Fos positive 
neurons or the total numbers of double-labeled neurons in baseline 
conditions. However, exposure to restraint stress in PPM rats evokes a 
significant increase in the number of c-Fos positive neurons as well as in 
the number of inhibitory parvalbumin positive neurons double labeled with 
c-Fos compared to controls. These results show that PPM alters the 
excitability of inhibitory interneurons, which could contribute to the 
observed reduction in PFC activity.  
This study was the first to use immunohistochemical methods to show differential 
activation of inhibitory interneurons in PPM rats. Further studies are needed to 
explain how PPM alters the excitability of inhibitory interneurons. An 
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understanding of the mechanisms by which PPM can target and activate 
GABAergic interneurons and elicit a hypoactivation response may be of value in 
designing pharmacological studies to manipulate this system.   
• Despite nutritional rehabilitation at birth, in adult rats that were 
exposed to PPM, there is a long lasting down regulation of KCNJ3, a 
protein in neurons that regulates excitability. Interestingly, this down 
regulation is unique to the PFC as levels of KCNJ3 were unchanged in the 
hippocampus as well as in the brain stem and basal ganglia. 
KCNJ3 down regulation in the PFC would, per se, be expected to increase 
excitability in PPM rats but, in fact, we have observed a pattern of decreased 
activation in PFC regions. Hence it is plausible that down-regulation of KCNJ3 in 
the PFC may contribute to the increased cFos activation of GABAergic 
interneurons and would dampen overall metabolic activity in the PFC. Further 
studies are needed to characterize the importance of KCNJ3 in metabolic 
activation in the PPM context. It is also necessary to expand the investigation to 
other proteins of interest as the observed reduction in KCNJ3 is, most likely, part 
of a broader group of altered proteins that are affected by PPM.  
 Finally, there is increasing evidence that prenatal malnutrition is 
associated with chronic diseases in adult life. Although the mechanisms behind 
these relationships remain unclear, a contribution of epigenetic dysregulation has 
been proposed. In fact, it has been reported that sixty-year-old individuals who 
were prenatally exposed to the Dutch Hunger show reduced DNA methylation of 
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the IGF2 gene compared to unexposed siblings (Heijmans et al., 2008). In our 
group we have recently started to look for epigenetics markers of prenatal 
malnutrition. Our initial target was to evaluate H3K4me3, a mark for open 
chromatin and active transcription that regulates gene expression during brain 
development. Specifically, we used Chromatin Immunoprecipitation (ChIP) 
followed by qPCR to measure H3K4me3 at the KCNJ3 promoter region in DNA 
isolated from PFC samples. Results demonstrated that the transcription-start site 
(TSS)-associated H3K4me3 mark is preserved in the PFC of PPM rats, indicating 
that other regulatory mechanisms may be down-regulating KCNJ3 mRNA and 
protein levels. It remains to be determined whether other epigenetic marks or 
other post-transcriptional and post-translational mechanisms controlling KCNJ3 
protein expression and function contribute to the behavioral and neurological 
sequelae of PPM in adult rats.  
Nutrients can cause (and reverse) epigenetic alterations such as DNA 
methylation and histone modifications and, consequently, modify the expression 
of genes that are important during development (Choi and Friso, 2010). A better 
understanding of the mechanisms by which epigenetic changes can be 
modulated by certain nutrients can create opportunities for using nutritional 
intervention to induce epigenetic mechanisms that are critical for gene 
expression.  
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APPENDIX 	  
The results presented on Chapter IV show that KCNJ3 (potassium 
inwardly-rectifying channel), a gene involved in regulating neural excitability, was 
down regulated in the PFC of adult PPM rats. These findings confirm that the 
behavioral deficits in the PPM adult rats are accompanied by molecular 
pathology, with KCNJ3 being particularly vulnerable to the nutritional deficit. To 
determine if epigenetic modifications contribute to the dysregulation of KCNJ3 
expression later in life, we evaluated H3K4me3, a mark for open chromatin and 
active transcription that regulates gene expression during brain development. 
Specifically, we used Chromatin Immunoprecipitation (ChIP) followed by qPCR to 
measure H3K4me3 at the KCNJ3 promoter region in DNA isolated from PFC 
samples. Results demonstrated that the transcription-start site (TSS)-associated 
H3K4me3 mark is preserved in the PFC of PPM rats, indicating that other 
regulatory mechanisms may be down-regulating KCNJ3 mRNA and protein 
levels. It remains to be determined whether other epigenetic marks or other post-
transcriptional and post-translational mechanisms controlling KCNJ3 protein 
expression and function contribute to the behavioral and neurological sequelae of 
PPM in adult rats. 
EXPERIMENTAL PROCEDURES 
Subjects and Nutritional Treatment: Subjects were twelve (n=6 25/25, n=6 
6/25).adult male Long-Evan rats. Nutritional manipulation followed previously 
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published methods (Tonkiss and Galler, 1990). In brief, five weeks prior to 
mating, nulliparous females were randomized into two groups and placed on one 
of two isocaloric diets: an adequate protein diet (25% casein) or a low protein diet 
(6% casein) supplemented by l-methionine (Teklad Laboratories, Madison, WI).  
Females were mated with males that had been acclimated to these respective 
diets for one week prior to mating. Dams were maintained on the respective diets 
throughout pregnancy. Following parturition, litters from both nutritional groups 
were culled to eight pups (2 females and 6 males) and fostered within 24 hrs of 
birth as whole litters to dams that had received the 25% casein diet and had 
given birth within the same 24 hr period. This effectively institutes nutritional 
rehabilitation for the pups from mothers on the 6% casein diet. Pups born to 
mothers on the 6% casein diet and fostered to mothers on 25% casein are 
designated the 6/25 group, while pups born to mothers on a 25% casein diet are 
designated as the 25/25 group. At day 21, all rats were weaned and placed on a 
standard laboratory chow diet (Purina Mills Inc., Richmond, IN; Formula 5001). 
The animal quarters were maintained at a temperature of 23°C (± 2°) and at 35-
65% humidity on a reverse 12h day/night (8:00-20:00 dark) cycle with red 
fluorescent lighting during the dark portion providing dim illumination. All 
experiments used only one pup from each litter to avoid any litter effects. All 
procedures were approved by the University of New England Institutional Animal 
Care and Use Committee (20101005MOK) in accordance with guidelines 
outlined in the NIH Guide for the Care and Use of Laboratory Animals and the 
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Society for Neuroscience Policies on the Use of Animals and Humans in 
Neuroscience Research. 
Euthanasia and Sample Preparation - Fresh Tissue: For tissue harvest of 
fresh brain samples, animals were deeply anesthetized with CO2 followed by 
decapitation. The brains were rapidly removed from the skull and placed on a 
chilled glass plate. The hemispheres were separated along the median 
longitudinal fissure and divided into four pieces: PFC, hippocampus, remaining 
cortex and brain stem/basal ganglia. The olfactory bulbs were removed and 
prefrontal blocks were dissected coronally just anterior to the corpus callosum 
and included anterior cingulate, medial and orbital prefrontal cortex and the 
frontal pole cortex along with some of the head of the caudate. The hippocampus 
was dissected by cutting the fornix rostrally at the septum and then “unrolling” 
and separating it as a single piece from the adjacent corpus callosum (dorsal 
hippocampus) and entorhinal cortices (ventral hippocampus). The basal ganglia 
and brainstem were then separated as one piece. Dissected pieces from each 
subject were frozen on dry-ice and stored at –80°C until processed. 
Chromatin Immunoprecipitation-qPCR (ChIP-qPCR): Samples of PFC 
weighing around 75-100 mg (left hemisphere) were homogenized in 500 µl ice-
cold douncing buffer (10mM Tris HCl [pH7.5]/4mM MgCl2/1mM Ca2+). 
Micrococcal nuclease digestion of cortical homogenates and chromatin 
immunoprecipitation with anti-H3K4me3 specific antibody was done as 
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previously described (Huang et al., 2006). Before designing KCNJ3 primers, the 
distribution of H3K4me3 on this and all genes of the rat genome was determined 
by ChIP-seq on neuronal cortical nuclei of two rats using established sorting 
methods (Jiang et al., 2008) and ChIP-seq procedures (Connor et al., 2010). 
Since the H3K4me3 signal was present within 1000bp surrounding the 
transcription start site (TSS), primers were designed in this region using Primer3 
(http://frodo.wi.mit.edu/). A total of five primer pairs (Table 6) were selected 
ensuring a product size within the range of 80-130bp in order to achieve efficient 
amplification of the enzymatically sheared nucleosomal fragments of 147bp. 
Product specificity was tested by the following 4 criteria: 1) q-PCR post-hoc 
analysis of SYBR-green melting curve; 2) adequate amplification curve 
(H3K4me3 curve in relation to Input and IgG curves); 3) agarose gel confirming 
product size and, 4) confirmation of product specificity by sequencing.  
Quantification of immunoprecipitated DNA (ChIP-qPCR): ChIP-qPCR data 
was normalized to input, using the equation V=2Δct(Input-ChIP) with Δct (Input-ChIP) 
defined as the difference in cycle threshold (ct) between sample and input 
(adapted from Aparicio et al., 2004). 
 
Results and Conclusion: 
 Since PPM caused a functional down-regulation in KCNJ3 mRNA and 
protein, we next used ChIP in twelve subjects (n=6 25/25, n=6 6/25) to determine 
whether the regulation of KCNJ3 was altered by histone modifications near the 
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transcription start site (TSS). Results demonstrated no change in trimethylated 
histone H3-lysine 4 (H3K4me3) — a transcriptional mark highly regulated during 
the course of PFC development (Shulha et al., 2013) — near the KCNJ3 
promoter region (Figure 18) leaving other mechanisms such as histone 
acetylation as potential regulators of KCNJ3 expression to be explored in future 
studies. 
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TABLES AND FIGURES 
Table 6: 
 
Table 6: Five primer pairs used for KCNJ3 TSS region for ChIP-qPCR. 
Since the H3K4me3 signal was present within 1000bp surrounding the TSS of 
the KCNJ3 gene, five primer pairs were designed in this region. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
KCNJ3  primers Forward (5' - 3'') Reverse (5' - 3')
Pair # 1 GGCAGAGACTGCTGCTACCT CCAGCACCAATAAGGAGGTG
Pair # 2 CCACCTCCTTATTGGTGCTG AATACGGAGGGGAGATCCAG
Pair # 3 GAAGGAAATTTGGGGACGAT GCCGTTTCTTCTTGGGTACA
Pair # 4 TTATTGGTGCTGGTTTGCAG AATTTCCTTCGGAGTGCAGA
Pair # 5 GTGGCGTTGGAACCTCTTTA ACATGGGCTTTGTTCAGGTC
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Figure 18: 
 
Figure 18: H3K4me3 peak region for KCNJ3 gene in the rat genome 
(Chromosome 3: 36,974,674 – 37,087,195) and ChIP-qPCR results. (A) 
H3K4me3 peak region of the KCNJ3 gene in the rat genome confirms that the 
peak for H3K4me3 is co-localized with the TSS of KCNJ3 as observed in mice 
and humans. The DNA sequence of the H3K4me3 peak was used to design five 
pairs of primers in the KCNJ3 promoter region. (B) Amplification plot for all input 
samples and (C) for H3K4me3 ChIP DNA samples of 25/25 versus 6/25 subjects. 
(D&E) Bar graphs summarize this data as chip-to-input ratios for 25/25 (black 
bars) versus 6/25 subjects (white bars). Graphs shown here are from primers #3 
and #5. 
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